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SUMMARY

Tables snd charts of gas properties
mdynamic calculations for engine cycles
air and any fuel or combination of fuels
hydrogen, and oxygen.

are presented for use in ther-
tivolving the codmstion of
contatiing csrbon} boron,

Dissociation and phase chsmges may be accounted for with the method
presented, which does not require the presentation of separate data for
each fuel-air ratio. Calculations are limited to stoichiometric or
lesser fuel-air ratios. With boron-contatitig fuels, either equilibrium’ -
or frozen expansion mq be assumed with respect to phase changes. 1

Equations and examples are given illustrating calculations of com-
bustion temperatures, ~ansion processes, md flow are=.

IXIRODUCTION

Research in aircraft propulsion systems tisy h recent w*2 4

focused increastig interest on the use of higher combustion taperatures
and comparatively unconventional fuels (ref. 1).

4

In order to evaluate engtie designs or to campsre clifferent fuels,
esthates of engine performance must be derived by thermdy?mm “c analyses
of the engine cycles. The analyses are often quite sensitive to chsmges
in the properties of the gases flowhg through the engine. Different
fuels may prcduce conimstion products with widely different thermodynamic
properties even at low temperatures. Scme fuels may even produce solid
products of cmibustion. h addition, with any fml, ~@ tvratures
may significantly change the spec~ic heats of the gases and even cause
dissociation. T&ref ore, a need exists for ~thods of c~cfitfig t~r-
modynamic processes that take into account variations in gas properties.

-.. . .- —.-.— -.—-—— — .— . . — . . . ..— -.—- —— —–— -.—
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A straight-forward calculation of the cycle including dissociation,
if done in the chssical manner, requires information on such factors as
egyilibrium constants and specific heats that UEually is not read51y
available to the engine resesmher; in any case, an tiordinate amount of
work is requ~d by this method. Simplifying methods smd data are gen-
erally avaiMble for conventional hydrocarbon fuels of the gasoline type
(e.g., refs. 2 and 3). Some reports, such as references 4 and 5, indi-
cate performance trends with variations in operating conditions for cer-
tain fue~ and can be used to ccmpute engine performance with these fuels
over limited ranges of conditions with reasonable accur~. These re-
ports me not adequate for the wide rsnges of operating conditions and E

the variety of fuels proposed for future propulsion systems.

The purpose of the present report is to provide a practical.method
for calculating combustion temperatures and compression or expansion
processes for all temj?eraturesand pressures likely to be encountered -
in u air-breathing aticraft eng3ne. Data are presented for air and
water and for the contmstion products of boron, carbon, hydrogen, and
several.other fuels of particular interest. A technique is presented
for ccmMning the given data in order to obtah similar data for fuels
composed of boron, carbon, hydrogen, snd oxygen in any proportion. Any
fuel-air ratio not exceeding stoichiometric may be spectiied. Although
not exact for 8U. conditions, the accuracy of the presented method is
suitable for most engine calculations.

Results for the given fuels are presented ti the form of tables of
specific heat, enthal~, and edtropy as functions of teruperaturefor use
when the effects,o? dissociation are negligible Charts of enthal~ and_.-2
entropy for ranges of both tmperatfi=”-m-d-pressure sre given for use
when dissociation effects,~ large. t——-. ------ -.

The method and basic data used to derive the presented tables smd
charts were taken %&??_<erence 6-, @roved data for the properties
of boron oxide B203 have “recent~ been obtained and have been incorporateed

ti the results of the present report. These results were derived over a
period of years for use h cycle analyses at the IWCA Lewis laboratory.
They are being ptilished now as an aid to others engaged in similar
studies.

sm30Ls

The follow3ng synibolsare used ti this report:

A stresmtde area, sq ft

CP
specific heat at constant pressure, Btu/(lb)(%)

. .
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X(or Y)

x(or y)

function of fuel type

kinetic energy, W@/2gJ, Btu/sec

jet thrust, lb

function of fuel type

acceleraticm due to gravity, 32.174 ft/sec2

totsl enthalpy, sensible plus chmical., Btu/lb

enthalpy, Btu/lb

mechsmical equivalent of heat, ft-lb/Btu

function of pressure and temperature

ratio of gaseous

molecular weight

number of moles

static pressure,

moles to totsl moles fi products of cmbustim

atm

partial pressure, atm

equilibrium vapor pressure of saturated B203, atm

heat transferred out of cmix.mtion chsaiber,Btu/lb

gas constmt, 1545/M,

entropy, Btu/(lb)(%)

teqerature, %

flow velocity, ft/sec

rate of flow, lb/see

weight ratio of water

~> lb/lb

ft-lb/(13))(%]

(or water vapor) to air h unburned

equivalence ratio of fuel (fuel-ti ratio divided by
stoichiometric fuel-air ratio)

weight ratio of fuel to air

.
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constituents of air other than 02

nwiber of atoms of B, H, C, and 0, respectivdy, in fuel
molecule

ratio of gaseous to total moles of B203 in conibustion
products

proportionality factor

+ensity, lb/cu ft

constant-pressure entropy,
f

~ ~, Btu/(lb)(%)

interpolation function

Subscripts:

&

c

e

g

o

P

P

s

w

X>Y

1,2,3,4

condensed

exit

anibient

products

constant

of stoichiometric codmstion

pressure

Stoichiometric

water or water

fuds X and y,

vapor

respecti?ely

stations or states

Superscript:

1 estimated vslue

.
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AMLGYSIS

General Theory

D

u

The method of the present report is based on sepsrate calculations
of the thermodynamic properties (enthalpy, entropy, specfiic heat, and
molecular weight) for (1) air snd (2) the products of ccmibustionof a
stoichiometric fuel-air mixture. It is assumed that the properties of
the combustion products for any fuel-air ratio less than the stoichio-
metric ratio may be obtained by linear interpolation between the two ex-
treme cases. As explained in a~endix A, the data for the elemental
fuels boron, hydrogen, ad carbon maybe codtied to provide data for
more compl= fuels of the form Ba~CT05) wh~e % p) Y) ~d ~ me
arbitrary.

Results of the above method are exact for cases with no dissocia-
. tion and for stoichiometric fuel-air ratios when stoichiometric data for

the particular fuel sre spectiicaldy presented. Essentially, the method
amounts to obtaining data for less than stoichiometric fuel-ah ratios
by dfluting the products of stoichiametric combustion with excess afi.
The results are not entirely correct when dissociation is present and
(1) the fuel-air ratio is less than stoichiometric or (2) a complex fuel
is synthesized from the elemental.fuels. The error with dissociation
arises because the method does not account for the change h the equi-
librium composition of the gases when they are tied. The error
approaches zero for equivalence ratios near zero and 1, and is a maximm
for equivalence ratios of about 0.5. However, COWarkOII With more
exact methods shows that the error is generally tisi~ificant for en-
gineering calculations (e.g., error of less thsn 1 percent h combustion
temperature is expected).

Charts of thermodynamic data that ticlude the effects of dissocia-
tion are given for air, water vapor, @ the products of stoic~~tric
cdmstion of hydrogen, csrb~j c~~ ~d pent~o~e B5~. Tales Of

data that neglect dissociation are given for the above substances and
SMO for the combustion products of CHY CH3~ CH4~ bo~n~ dibor=e B2~~

and ethylene decaborane B10H13c#5. Tab~ data EUW -o @ven for
the properties of the constituents of air other than oxygen h order to
facilitate the cabining of data to derive the properties of other fue~
(as further discussed in appenti A).

A large number of si@ficsnt numbers have been retatied h the
tables to avoid inco~istencies snd rounding-off errors. This is not
meant to imply that the data are necessarily accurate to such high
orders of precision.

i—.. — . ... —-. —— — — -— — _—. -
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Cslhzulationof Gas Properties

Without dissociation. - The composition of the products of cotius-
tion was calculated for air and the stoichiametric quantity of each fuel
with assumptions of no dissociation and complete caibustion. The fol-
lowing composition was ass&aed for air: -

Constituent Percent by volume

Nitrogen 78.09
Argon .93
Carbon dioxide .03
oxygen 20.95

Percent by weight

75.525
1.286
.046

23.143

Table I lists the stoichiometric fuel-air ratios for various fuels based
on this composition of air. Other properties me also given, the use of
which is given in followhg sections. For each fuel, the specific heat
~, enthalpy h, and constsmt-pressure entropy Q were computed for

temperatures from 350° to 6000° R by ustig the tables of thermodynamic
properties for various pure stistances given h reference 6. The re-
sults .srepresented in tables II to X for 50° increments of temperature
up to 4000° R and 500° ticrements thereafter. Also tabulated are the
titerpolation functions deftied as follows:

1+=
*(Q = ~s D(Cp,p - Cp,a)

Use of these functions is expldmed h

(Qp - ~a)

a following section.

Fuels contaimlng boron have the co~o~d B203 aS OIE of the C@bUS -

tion products. This compound may exist in either the @seuus or con-
densed (liquid or solid) phase. The relative proportions of each phase
depend on the t~erature and pressure. The tables of thermodynamic
properties for boron fuels were obtatied both for the case of gaseous
B203 and for the case of condensed ~03. b awendix B a method is de-

rived for picking the proper case or cmibtition for use 3n a cycle
calctit ion.

a

With dissociation. - Equilibrium compositions of the products of
stoichianetric conibustionof various fuels were cmuptied for a wide
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range of temperatures and pressures. The calculatio~ were carried out
on an ~ card-pro~smed computer by ustig a successive-appruima.tiGn
procedure presented in reference 6. The required values of equilibrium
constants were also taken from reference 6.

Enthalpy, entropy, and molecrilsxweight were then calculated for
the dissociated products in the same manner as described for the un-
dissociated products. For the calculations with disswiation, air was
assumed to have the foll.owzingcomposition:

Constituent Percent by volume Percent by weight

Nitrogen 79.050 76.764

Oxwwn 20.950 23.236

u

.

Fewer constituents were assumed than for the undissociated case in order
to simplify the calculations. Actually, the correct ccnqosition to use
is somewhat tidefinite since there is sm appreciable vsriation with aLti-
tude. b SJI.Yevent, the presented data sre Wensit ive to the exact
composition of the ah assumed, provided the proportion of oxygen does
not chsnge.

The calculations covered the range of temperatures from 360° to
over 6~0 R sad pressures from 0.031 to 1~ a@nospheres. The data were
computed at temperature titervals of apprmdnately 5~0 R in the high-
tenperature region; pressure titervsls were, in general, taken in powers
of 10 (i.e., 0.001, 0.01, 0.1, etc.). Additional points were obtained
in the regions of phase chsmges.

h contrast to the use of tables for the undissociated data, the
data with dissociation are presented in the form of charts. Two tide-
pendent vsriables, temperature and pressure, -d ot~tise rewt ~
very large tables requiring the use of double interpolarion. Further-
more, the accuracy of the method proba~l.ydoes not warrant such preci-
Sion ● The data are plotted in figures 1‘tio6 in the form enthslpy ver-
sus pressure, with lties of consta~tqerature snd constant entro~.
!l?b3.Ssrraugement has the advsmtages of minhiztig waste space on the
di~ and of pemnitting linear interpolation for the most ccmmmnly
occurring cslculation req-ements.

Moleculsz weights of the various substsmces ue plotted in the last
part of each figure as a function of the pressure with lties of constant
tempem.ture.

c

,,*al . .

— ..— —— ..— —
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METEOD OF APPIL’CNCI.011

Exsmples il.lustrat3ngthe use of thetables (i.e., without dissoc-
iation) and charts (with dissociation)by employing the equations pre-
sented in the following sections we given in appendix C. The equations
sre given for the general case of a mixlxre of two fuels plus water in-
jection. Because the equations are general.,they appear substantially
more complicated than is normally required h calculations. As pre-
viously mentioned, the method is based on ltiear interpolation between
the properties of ah and the properties of the products of stoichio-
metric combustion to obtain data for equivalence ratios less than 1.
ConiWstion is assumed to be complete in W cases.

Properties at Any State

This section presents equations relattig to the calculation of the
enthalpy, entropy, spec~ic heat, pressure, temperature, densi~, and
gas mass flow rate.

lblthal~ . - Enthalpy msy be expressed as a

h = X(l + xs)~,x + y(l + yg~~,y + %

+(l-X-Y)ha (Btu/lb air) (la)

or

x(l+~)hp x+y(l+y~)+y+~ +(1-X-Y}%
h=

l+x+y+w

(Btu/lb ndxture) (lb)

(h all cases where the unit of weight lb air is used, it signifies a
pound of initial or react@ air before cotiustion occurs.) The enthalpy
of the products of stoichiometric cmbust ion ~ is obtatied from

tables II to X if dissociation can be neglected or from the chsrts (figs.
1 to 6), if dissociation is significant. Stoichiometric fuel-air ratios
(xs and ys) for various fuels are given in table I or may be calculated

with equation (A8) of appendti A (neglectfig dissociation) and are ob-
tained from the legends of figures 3 to 6 when dissociation is included.

A useful simplification may be made for the dissociation-neglected
data. By algebra~c manipulation, equation

N(Q + W(Q + ~%
h=%+ l+x+y+w

(lb) IDEW be rewritten

(Btu/lb nrkture) (lc)

u

.
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in which

l+x~
V(Q = y (hp,x - Q

v(%) = + (~,y - Q

‘l?heinterpolation factors ~ are also given in tables II to X and their
use is a time-saving tecbniqm in making calculations.

For the special case of boron-conta~g fuels, values of W(h) are
read frcm the ~ables for both gaseous end co~densed”
bined aa fol.lows:

This result is then used in equation (lc) aa though

. . .
B203 and then com-

(ld)

it had been obtained
directly frmn the table. The value of e must be computed by the fol-
lowing equation (derived in appendix B):

1 X& + Y(I + 4.773 . .

a. J

static pressure of the caibustion products h atmos-
function of temperature oily (given h tale XI or

in which P is the
pheres, ~203 ~ a

fig. 7), ~d G} ~> and D are functions of fuel type listed in table

I (or calculated from eqs. of appendix B).

Entropy . - Equations for entropy to be used with the charts are
similar to those for enthalpy. Entropy msy be expressed by

s = X(l +-XJ$,X -+m +YJ=$Y +-~~ +-(1 - x - ma
(Btu/(lb air)(%))r (2a)

or

X(l + XJsp ~ +-Y(l + Ys}sp y + @w + (1 - x - Y)sa
s =

l+x+y+w

(Btu/(lb “~)(~)) (a)

-—- —-- .- --.———- —— ——— ———
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The tables of dissociation-neglecteddata
the entropy that is a function of temperature

W’+; lnP

NACA

give only that
~. That is,

RM E56B27

part of

The value of Q for the products of combustion of a mixture of fuels
and less than stoichiometric fuel-air ratio is given by

xw(qJ + Y-O-(Q) + Ww
f4=ga+

l+x+y+w (Btu/(lb mixture)(%)) (2c)

where

1 ‘sxs ‘(gp,x- ‘a)
W(QX) = x

l+ys
V-(QY)= y (~p,y - Qa)

s

For the boron-containing fuels,

(2d)

Specfiic heat at constant pressure. - The specific heat is not re-
quired for cycle calculations when the enthalpy and entropy are known.
However, the specific heat is often useful in finding the tenprature
corresponding to a given enthalpy or entropy (as illustrated in one of
the examples of appenti C). bterpolat ion factors W(cn) are given in

the tables and
given by

Cp = ~,a +

Again, for the

the specific heat of the mixture of conib~tion gases is

x’&-p,J + Y4@p,y) + ~

l+x+y+w
“w (Btu/(lb mixture)(%)) (3a)

boron-conttihg fuels, an equation similar to (id) or
(2d) &.y be used to ftid ~(cp). - -

.
The specfiic heat for dissociated-products is not specifically

shown on the charts. However, by definition,

Therefore, the specific heat may be approximated by reading from the
chart the change in enthalpy Ah corresponding to a mall change in

.

E
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temperature N? (along a constant-pressure ltie) and forndng the ratio
of these two quantities. The ratio from each chez% my be combined
for less than stoichiometric fuel-air ratios as follows:

Ah
cP=m= ()

x(l+xs)~
P,x

,Y,l+Ys@$p,y+(~)v

+(l-x- ()Y) g
a

(Btu/(lb ati)(%)) (3b)

or

(), ()Ahx(l+x J~px+Y(l+Y6) +w~ +-(l-x- ()Y) g
P,y w a

CP = l+x-t-y+w

(m/(lb mtxtlne)(%)) (3C)

Pressure. - The pressure of a mixture of gases is equal to the sum
of the partial pressures of the constituents. Also, when dissociation
is present, the composition of the mixtue is a function of the pressure.
Therefore, one way to apprmdmate the composition and properties of the
mixture of codmstion products is to read data fran the charts for ati
and for the stoichiometricproducts, each at the partial pressme it
would have after being hypothetically tied (accordingto the fiterpok-
tion method of the present report). However, numerical calculations
have shown that equalJy good or better results are usually obtained if
the actusll.static pressure of the fQ mixture is used for reading each
of the charts.

Pressure does not ordinarily affect the gas composition and thermo-
dynamic properties when dissociation is not present =d the tables sxe
used. As previously mentioned, however, an exception must be made -
B203 is present in the c-ti~ products (as it always iS when the fuel

contahs boron).

Tarperature. - The equilibrium temperatures of sll constituents in
a ndxture are equal..

(not
Moleculsx weight. - The molecular weight of the contusion gaaes
includtig anY cond~ed B2~ w%ich w be present} M giv~ by

WM
Mg=~–

Wk
(4)

-—. . ... . . . —— .-- —- .-. —_. —.._- ___ __ _ —— —.. . .. . ..
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!$=l !8203
-(l-&)T

(%x
%203 _ 69“64 ~ %)

X+%y

w ~% MJ+ 138269y+YD .
x Y

M= l-t’x+y

x(l+x~) +y(l+Ys)+ l-x- Y

%,x %,y 28.97

(5a)

(m]

(5C)

(5d)

The value of e is calculated from equation (le). The quantities
a/2D, G, snd the molecular weight of the fuel M are functions of the
fuel type and are listed in table 1. The qusntity Mp is the molecular
weight of the products of stoichiometric co?ibustion and is given at the
top of the table for each fuel for use when dissociation may be neglected.
The last psrt of each of figures 1 to 6 gives the variation of ~ with

temperature-and pressure when dissociation is taken Into account and the
charts are used.

Gas flow per unit area. - The flow of gas per unit area is

. .

where the demity of the gases is given by

()_ 2116 ‘g
‘g 1545 T

((lb/see)/sq ft] (6)

(lb/cu ft)

●

✚✌
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in which P is the static gas pressure in atmospheres, T is the tem-
perature in OR, and Mg is calculated from equation (4). Combining

equations (4) and (6) gives the total weight flow per unit area

v ()()2116M ~V—=— -
A 1545 k T

((lb/see)/sq ft) (7)

Codmst ion

The equation for the ccmibustionprocess follows directly from the
equation for consemat ion of energy. The enthslpy of the gases after
combustion is eqyal to the sum of the enthal.piesof the entering con-
stituents (includingthe chemical ener~ of the fuel) minus any energy
lost through heat trsnsfer and minus the ticrease in kinetic energy of
the gases, w given by

~2+(1-X -Y)ha,2+Q+E2
)

(Btu/lb air)

where atations 1 and 2 represent the conditions before and after com-
bustion, respectively. Values of initial fuel enthalpy, including the
chemical ener~ (~ or $) are listed in table I for various fuelE.

When dissociation is sufficiently small to allow use of the data
of tziblesII to X, equation (8a) may be rewritten in the form of equa-
tion (lC] as

Equation (8a) or (8b) w be used to find the temperature after
conkmstion or to find the requtied fuel-air ratio
tion temperature.

Isentmpic Processes

for a given combus-

During an isentropic process the total entropy, that is, the sum
of the entropies of all constituents, remains constant. Actual compres-
sion and expansion processes generally are only apyxndmately isentropic
but ~ be treated as isentropic if suitable efficiency factors are used.

—-— —-— —.— —— —
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For an isentropic compression or expansion,

S2 = S3 (ga) ,

where stations 2 snd 3 represent the conditions at the beghning and end
of the process, and values of S are calculated accordhg to equation
(2a) or (2b]. Although the total entropy remains constaut, the entropy
of any constituent (such as Sa) ordinarily does not. Differences in

the spectiic heats of the various constituents cause heat to be trms -
m

ferred from one constituent to another with consequent chauges in entropy E
M, as assumed, the fM t~-t~s of ~ c~titu~ts ~ the s~”

The constant-entropy process may be
tables are used:

S2 = S3

written as follows when the

(9b)

where

K=ln P (for e ~ 1.0)

._ b(p-%o]++A4sl=%ok-e
1

(for e < 1.0]
-E 23

-E 23

snd q2 and Q3 are functions of temperature only and are calculated

using equation (2c). S3nce no dissociation is assumed when the data of
tables II to X are used, the values of & sre constant unless there are

p-e changes during the process. For the special case in which the

B203 (M ~) does not
(9b) reduces to

chsnge phase throughout the process, eqyation

An ener~ balance

92 -93 = 1.987 ~

for the isentr~ic process is written as

(9C)

~ -tV;/2gJ = ~ + ~/2gJ + ~u~t + (w@)mtwt (lo)

where h is evaluated from either equation (lb) or (1c) at both the
initial.snd ftial conditions..
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Expsnsion through
which is approximately
exit velocity is given

where the units of Ah

1!5

a nozzle is an important process in jet engines
isentropic. From equation (10), the ideal nozzle-
by

#

(ft/see] (n]

are Btu per pound of mixture. The actual exit
velocity is usuaU.y deftied by applying a efficiency faqtor or a veloc-
ity coefficient to the idesl velocity.

The jet tluxmt produced by a nozzle msy be expressed as the sum of
the fluid momentum and a pressure force acting on the exit area as
follows:

w V + Ae(Pe - PO]Fj=z e (lb) (12)

where station e is at the nozzle exit and
conditions. Complications arise in the use

station o is at snibient
of the above equation when

psz’tof the combustion products is condensed. If the pa%icles formed
are sma13.enough to be carried along and ejected at the ssme velocity
as the remaining gases, the jet thrust is that comptied by equaticm (12).
If the particles sre W

r}

and are therefore ejected at essentially
zero velocity, equation 12 is a~roximately correct if the mass flow
W is replaced with the es mass flow ‘g “ d

The ratio W W is given

by equation (5a). Ih sny case, when condensed products sxe present, the
exit area Ae is computed using equation (7).

DISCUSSION

Representative examples of the use of the equations for applyhg
the tables and charts for thermodynamic calculations are given in appen-
ti c. Other uses, not ~ustrated hereti, might include calculations
tivolving reheat (e.g., turbojet afterbuming) or water injection.

When substantial.dissociation occurs in the caibustion chader of
an engine, it is necessary to use the charts to calculate the correct
gas temperature. Cmbustion temperatures calculated by using enthal.py
values frcm the tables (i.e., without accounting for dissociation) may
be too high by several humdred degrees. Nevertheless, engine cal.cula-
tions carried out at the NACA Lewis laboratory tidicate that, for a
given fuel-air ratio, nearly correct sues of t-t ad efficiency IW-
sul.tfrom ustig the @blesJ deaite the error ~ c~~tion t~erat~s”
Whenever possible, use of the tables ~ther t~ the c~s @ suggested)
since the former generally reduce the computational effort.

.—— .+. . . . . .. —.— —-———. —.. —.
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When the charts are used, it must be remeniberedthat chemical equi-
librium at all times was assumed in their derivation. This assumption .
msy not be valid at some times, for example, during rapid expansion
through a nozzle. When the tables are used, it is possible to assume
frozen equilibrium with respect to phase changes (i.e., constant &
durtig the expansion). .

It is previously pointed out that data for fuels other than those
given in the present report may be derived by suitable ccmibinations of
the given tdles or cbrts. An example of this technique, which is de-
rived in appendtx A, is also given h appenti C. A value of enthalpy
czilculatedfor C% by this method agrees within 0.6 percent with the

value.read directly from the CM for this substsxme..

The authors of reference 6 point out that msmy of the basic data
h that report are of uncerta3n accuracy. In fact, since the calcula-
tions were undertaken for the present report, significantly different
data have been published for the properties of B203.a However, the
tables and charts presented herein, which are otherwise based entirely
on the data of reference 6, are believed sufficiently accurate for nloSf3
practital.studies of aircraft propulsion systems. Values of enthslpy
for a given taupera- snd pressure can be esttited from the charts
to witldn about 5 Btu yer pound; the precision h reading entropy is
about O.C05 Btu per pound per %. Maximum systematic errors in the use
of the charts would occur at high combustion temperatures and equival-
ence ratios near 0.5, since the COIIIPOSition of t~ gases is aPProx~ted
by diltitig stoichiometric cotiustion products with air without account-
ing for the changes ti equilibrium. A t~ical cslculation, for the com-
bustion of B2~, resulted ~ ~ error ~ the c~c~ted Cotiwtion ‘a-
perture of 190 R out of 4470° R that is probably due to this effect.
The error in cslculattig cordmstion temperatures by using the charts is
not expected to exceed 1 percent in the worst gases.

coTicLrJDINGREMARKS

TAles snd charts of gas properties are presented that allow ther-
modynamic calculations for engtie cycles invol~ the combustion of
air and anY fuel cotia~~g carbon> boron~ Wdroge% ~d -g= ●

he data given h reference 6 for B203 ~e based ~ those of ref-

erence 7. Recent work (ref. 8), however, tends to substantiate the
appreciably dtiferent data presented in reference 9. The authors of
reference 6 found that these revised data could easily be incorpor-
ateed with acceptable accuracy by increasing the values ~f enthslpy
(for gaseous B203) by 12.2174 lu@mole ~d reduc@ t~ log~it~ of

the gaseous equilibrium constant by 2670.09/T (where T is in OK).

m

E’
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FIm
m

Dissociation and phase changes may be accounted for with the method
presented, which does not require the pres~tation of seP~ate ~ta for
each fuel-air ratio. The method and data presented permit, with a min-
hnn of error, calculations that wdd h - cases be o~e~se ve~
laborious.

Equations Ad exmples are shown illustrating

(1) Conibustiontemperature or fuel-air ratio

(2) Isentrupic processes

(3) Flow area

(4) Jet thrust

Lewis Flight Propulsion Laboratory
National Advisory Comnittee’for Aeronautics

Clevebnd, Ohio, March 3, 1956

calculations for

-..—. ____ .—— — —
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SYNTHESIS OF DATA FOR 0TE133FtlEL5

Data are given, in both tabular and chsrt form, for the thermody-
mmic roperties of the products of stoichiometric cotiustion h air of

7boron pentaborane), hydrogen, and carbon. These data, when suitab~
cmibtied with the chsz% or table for water, msy be used to calculate
the specific heat, enthalpy, and entropy of the products of stoichio-
metric combustion in air of any other fuel contatihg boron, hydrogen,
carbon, and oxygen ti any proportion as follows:

(1) Write the stoichiometric reactim equation ignoring dissocia-
tion for the desi~d fuel in the form

Ba~~05 + D(02 + 3.773Z)~ a(B203) + b(~O) + C(C02) + eZ (Al)

in which Z represents the nonreacting constituents of air (Nz, etc.).

The numbers of moles D, a, b, c, and e“ are given by
equations, which were obtatied by equating the numbers
vsrious elements on each side of equation (Al):

1
a=—a2

e = 3.773 D

(2) Combine the following stoichiometric reaction

the fo~otig
of atms of the ,

.

(A2)

.

equations, which
sre for-fuels that are presented in the tables or charts, so as to dup-
licate the right side of equation (Al). The duplication is achieved by
miltiplying the equations by suitable constants and then adding or sub-
tracting one from another.

~ + 3(02 + 3.773Z) + 2B203 + 3(3.773Z) (A3a)

ZB5~ + IZ!(02+ 3.7i’3z)+ ~203 + 9~0 + 12(3.773Z) (A3b)
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2H2 +02+

C+ 02+

Note that, if dissociation is
combustion in air of any fuel
(at the most) B203, ~0, CO~,

19

3.773Z + 2H20 + 3.773Z (A4)

3.773Z +co~ + 3.773Z (A5)

H20 “ H20 (A6)

neglected, the products of stoichiometric
containing only B, H, C, or O comprise
and Z. It is possible to obtain the de-

stied proportions of B203) H20, and C02 by cotititig equations (A3),a

(A4)j and (A5). In general, cotitiations of these three equations do
not yield the correct number of moles of Z. However, it is observed
that subtracting twice equation (A6) from equation (A4) leaves only Z
h the products. This value can then be used to duplicate the number
of moles of Z h (Al). It is necessary to perform this subtraction to
obtain Z when using the charts, but a special table of the thermodynamic
properties of 3.773Z is provided (table X) for convenience ta conbhing
the tables of undissociated data.

(3) ti order that the result of the cofiination described dove be
on the basis of 1 ound of stoichiometricprmiucts of the new fuel, each

7eq=tion used ((A3 to (A6]) must be nmltiplied by the ratio of the
weight of the constituents of that equation to the weight of the con-
stituents of equation (Al). The weights of the constituents of equations
(A3) to (A6) are given in the followhg tale:

hibustion products of - Equation Weight

4B
[{

A3a 458.087

2B5H9 1785.571

21$ (:: 142.301

>0 [1

A5 150.279
A6 18.016

3.773Z -- 106.269

The weight of the constituents of equation (Al) is given by

Weight = 10.82a I-1.008S + 12.0~ + 165 -t138.269D (A7)

aA chart is not given for the combustion products of B; therefore,
equation (A3a) may be used only ti conjunction with the tables of undis-
sociated data. E dissociation is to be 3ncluded, equation (A3b) may
be used 3nstead, since a CM b gi~ for the Products of B5Hg”

.— __ - .—— — —--—.- —— –.-
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This proce~ results in an expression that tells h what propor-
tions to combine data &cm the charts or tables in order to obtaia val.- .
ues of enthalpy, entropy, or specific heat for the stoichiometric cmn-
bustion products of the new fuel. These calculated stoichiometric vsl-
ues are used for less thsm stoichiometric fuel-air ratios according to
the equations in the main body of the report as though they had been
read directly from one of the tables or charts. The stoichiomtric fuel-
air ratio needed for these equations is given by

10.82u -I-1.008~ + 12.OIT + 165
‘s = 138.269D

(A8)

(The constmts
composition of

used in this and the preceding equations are based on the
& assumed for the calculations neglecting disswiat ion

but can also be used with the charts with little error.)

b calculating codmstion processes it is also necessary to how
the total fuel enthslpy B?. Values of HO for a nuuiberof fuels are
given in table 1. Values of the heat of formation of a large nuuiberof
boron-hydrogen-carbon fuels msy be found in reference 10. Other values
are given in reference 6, which also explains the methml for calculating
the total.fuel enthalpy from the heat of formation.

!,

able ~. - An example may make the above procedure more understand- .
. Suppose combustion of CO in air is desired. The properties of

the stoichimnetric conibustion products of this fuel are not presented
spectiica13y ti the tdles, so it is necessary to derive the properties
throuah combination of the other tables (or charts). BY writing the
form& for the fuel in the form Ba~~O&

a= o

Po=

Y =1

51=

Substituting these values in equations (M]

D= l/2

a.o

b=O

c =1

it may be seen that

gives

e = 1/2(3.773)
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Eqyation (Al) then becomes, for this fuel,

CO-I-1/2(02 + 3.773Z) +C02 -I-l/2(3.773)Z (A9)

The right-hand side of equation (A5) is obsemed to equal the right-hand
side of equation (A9) except for the inequality in nmles of Z. Sub-
tracting twice eqmtion (A6) from (A4) gives

{~} -z@} =3.773.
(Ale)

ma so,

The braces used here and ti following sections denote the products
of combustion of each substance according to the reaction equations (A3)’
tO (A6).

The weight of constituents of equation (A9) is found by substitu-
tion in equation (A7), which gives

Weight = O + O + 12.01(1) + 16(1) + 138.269(1/2) = 97.14

Equation (All) is then rewritten on the basis of 1 pound of pro-
ducts of

Equation

cmibustion as follows:
.

142.301
97.14 {} {1

-2_ ~o
%2.

= ‘“W7V-0“732{i}+0’85{~+ (A12)

(A12) is the basic equation teld.inghow to combine the values
of thermodynamic properties of cotiustion products of C, ~, and H20 in

order to obtain the thermodynamic properties of the stoichiometric com-
bustion products of CO. If the tables me used, equation (AIO) is un-
necessary because the properties of 3.773Z are listed in table X, and

{] .l.547{c}-o.547p} (A13)

The stoichiometric fuel-air ratio for CO as given by equation (A8)
is

0+ 0+ 12.01(1) -t16(1) = o 4052
‘s = 138.269(1/2)

.

—.. ..— ..=— .—. — — ..— -.—
,!
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APPENDIX B
“

EX3RONFUECS W31CHCONDENSED B203

When a fuel.contatiing boron is burned in air, the atoms of boron

comb tie with oxygen to form ~03, which under some creditions exists in

the condensed phase (solid or liquid). The tables of thermodynamic data
for boron-containing fuels were therefore prepared for the two cases:
(1) d-l the B203 is gaseous ad (2) d.1 the B203 is condensed (crystall-

ine for t~eratms under 1301.7° R, and liquid for all higher temper-
atures). This appendix derives a method for selecting the proper case
to use b engine calculations. h many situations both gaseous smd con-
densed ~03 is present, snd both cases must be combined for a correct

solution.

From equations (Al) and (A2) of appendix A, the reaction equation
for stoichiometric combustion of a fuel contatiing arbitrary amounts of
boron, hydrogen, carbon, and oxygen is

where

For an equivalence ratio of less than 1.0, the reaction equation becomes

~ (P%qxcTx%jx)+02 + 3.77= +

[
~+ %(B203) -1- 1;Ii&o)+TX(1302)+(1-032+3.773Z (B2)

This eq~tion may be expanded for the more general case of a mtxture of
two fuels to read

; (B%~x~x05x) + #(B HP~05)+02+3.773z +
~5YYY

[
~ ~ %(B203) +1 1~PX(H20)+TX(CO2) +

+(l-x- Y)02 + 3.773Z (B3)
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From equation (B3) the total nunber of gaseous males of combustion pro-
ducts Ng iS

‘g = %203, g + XGX + YGy + 4.773

where, for each fuel,

@T

~
G= ~ -1=

%
Now define a factor A such that

P=A

-3a+p + 26
3a+~+4y -25

“ Ng

(B4)

where P, the static pressu of the
the sw of the partial pressures of the constituents; that is,

combustion products, is equal to

P=p
B203 + ‘H20

+p +p
‘PC02 02 z

Then, with the condensed
pressure,

so

‘2°3 ‘s-d ‘0 ‘Ve

%203= ‘%0 2 3,g
\

= A N6Zos,g‘g ~.
23

Substittiing equation (B5) h (B4) gives

essentially zero psrtial

(B5)

1

‘B203,g
(XGX + ~ -t4.773)

= P/~203 - 1
(B6)

Define a new term e e&al to the ratio of gaseous to total moles of
B203;

‘B203 ~

6= %203

lkmmequation (B3),

%xy
NB203 = ~+ 2D

Y

(B7)

—.. . —.— . ..—.—.——. — ——— . —
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Stistituting equations (B6) and (B7) into the
as

of

a final result,

NACA RM E56B27
*

definition for & gives,
.

1
xq+~ -1-4.773

(B8)
6 ‘ p/PB203 -1 % X+%y

q
%

The following stiar expression msy be derived for the ratio k
gaseous to total moles of the conimstion products:

k=%

Stice

N= ‘g + ‘B203 - ‘B203,g

k may also be written

k=

Combining equation (B9) with equations (B5) md (B8) gives

(B9)
.

(B1O)

Expressions have thus been developed which “give & and k for any
equivalence ratio, temperature~ ad pressure (where PB203 is obt’~ed

from table XI or figure 7 as a function of the w t~-tme, ~d G
and a/2D are functions only of the fuel type, values of which may be
calculated from the &fin@ equations or read fram table I).

Values of & as calculated from equation (B8) are used to compute
the thermodynamic properties of the codmstion products when the tables

.

are utilized. For example, for the stoichiometric products,

-. .
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where 1(~, J
from the table

25

is read from the table for gaseous B203 smd v(~,c)
for condensed ~03. The enthslpy for less than stoichio-

metric ndxtxwes is then cal.c~ted in the usual way fran

Similar relations msy be written for the specific heat and for q.

Values of k as calculated from equation (B1O) are used to calcu-
late the molecular weight of the conhstion gases, which in turn is re-
q@red to compute gas densities snd flow areas. An equation for the
molecti weight of the gases (not 3nclud3ng B203 that may be con-
densd ) is derived as fol.lows:

By definition,

M;=—

Therefore,

~wg”

“%= E’TM

Now

Wg %203 %203~
—= -—
WIW+W

[( ]%203,G= 1-1-
wqo3

%~O~,g ‘B203 ~ %203

%203 = %203 %203

.

%203
w

= E

(Bll)

—.— .——-. —...._ .-_— — —-— .—— —. . . ——.. —.— —c _ ___
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(B12)

where ~ and

7

denote the molecular weight of fuels X and Y

(given in table I , %203 ~ the molectir wi@t of B203 (69.64), and

~ z is the weight of air per mole of 02 (138.269).
>

The average molecular weight of all the cotiustion

M=
l+x+y

X(l+xs) *Y(l+YS)

%,x %,y
+’ -~-y

where the values of ~ and ~ scregiven at the head
X for each fuel.

Equation (BIJ) cam then be written

[ 1%~03 M

%= ‘
-“fl-&)TE

products is

(B13)

.

of tables II to

(B14)

ti which & is given by equation (B8), k by (B1O), ~203/W by (B12),
and M by (B13).
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APmNmx c

ILLUSTRATIVE EXAMPLES OF USE OF EQUATIONS Al!JDDATA

A
o-l
m

Several examples are presented in this section illustrating the
use of the ecyxationsand data presented in this report.

Assume the
chamber:

Conibustion and

and U

Expansion of Pentaborane

with Dissociation

27

following conditions at the entrance to the coribustion

Fuel, pentabomne B5~ (liquid)

Equivalence ratio X, 0.8

C@ust or inlet-air temperature, 560° R

Cdmstor tilet-air pressure, 2 atm

Ftist, calculate the cotiustor-outlet
for B5~, -

‘s = 0.07645

From figure 1, for air at a temperature T
of 2 atmospheres,

h’= 248 Btu/lb
a,1

temperature. FYom figure 3

of 560° R and a pressure P

air

Substituttig in the left-hand side of equation (8a) yields

hl = (0.8)(O.07645)(33,828) + 248 = 2317 Btu/lb air

where the value of ~ is obtatied fran table 1.

For s@licity, the momentw-press~e ~OP due to heat r~e~e ~
be neglected so that the pressure after conibustionis stiJ3.2 atmospheres.
It is now possible to solve for the tarperature after eonibustion. A
trial-and-error procedure is requ5red to find the teqeratwe T2 that
w3JJ.satisfy equation (8a).
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fksume that T2 = 4400° R. From figure 3, for B51$ at a tempera-

ture T of 44(X3°R and a pressure P of 2 atmospheres,
.

1?e,z = 2325

smd from figure 1, for air at 9AC0° R and 2 atmmpheres,

h’a,2 = 1370

Ehibstitutingin the right-hand side of equation (8a) gives

~ = (0.8)(1.07645)(2325)+ (0.2)(1370) = 2276 Btu/lb air

which is slightly lower t- the destied value of 2317. Mstig a c~-

bustion temperature of 4500° R gives for the enthalpy

h; = 2332 Btu/lb air

which is somewhat high. Linear interpolarion then gives as the solution

.
4500 - 4400

‘2 = ‘W + 2332 - 2276
(2317 - 2276) = 4473° R

Now assume the combustion gases are expanded isentropica.13ythrough -
a pressure ratio ‘21P3 of 2 h the exhaust nozzle, which corresponds

roughly to the nozzle throat. The entropy before expansion S2 is
calculated by substitution in equatiun (2a). From figure 3, at
T = 4473° R and P = 2 atmospheres,

~,2 = 2.227

and from figure 1, at T = 4473° R and P = 2 a~sph~es,

‘a,2 = 2.183

Then

S2 = (0.8)(1.07645)(2.240)+ (0.2)(2.183)= 2.355 Btu/(lb air)(%)

The temperature after expansion is found by satisfying equation (9a).
As a first estimate of T3, try

T: = 4000° R

From figure 1 at 4@0° R and 1 atmosphere,

s’ = 2.191
a,3

— -.
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and from figure 3 at 4~0° R and 1 atmosphere,

%,3 = 2.222

The value of S: corresponding to T 1 is

S; = (0.8)(1.07645)(2.222)+ (0.2)(;.191) = 2.352 Btu/(lb ati)(%)

Estimating a temperature of 4100° yields

The correct temperature

The enthdpy after
tion (la). From figure

snd from figure

which gives

s; = 2.362

is obtatied by linear titerpollationto be

‘3 = 4030° R

expansim is obtained by stistituttig in
1, for air at 4030° R and 1 atmosphere,

h = 1248
a,3

3, for B5~ at 4030° R and 1 atmosphere,

%,3 = 2165

equa-

~ = 2u4 Btu/lb ah

The enthalpy change dur~ expansion, according to equation (10), is

&.q-h3=2317-2U4=

or

~ %“% 203
= 1+X = 1 + (0.8)(0.07645]

203 Btu/lb air

From eqyation (n), the gas velocity is

‘3 = ~(2)(32.2)(778) (191) =

with no losses assumed. If the flow =ea is

29

191 Btu/lb mixture

given by

3093 ft/sec

destied, it is first neces-
sary to find the molecular weight of the gases by USQ equation (5c).
The point on figure 3 corresponding to a tmratie of 40300 R ~d a
pressure of 1 atmosphere is sti31 above the ltie for k = 1, so sll.the
products axe gaseous. From figure 1, for air at a temperature of 4030° R
and a pressuxe of 1 atmosphe,rez

~ = 28.85

—
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and frcm figure 3 for B-

~ = 29.90

By substitution in equation (5c),

M 1+ (0.8)(0.07645)
= 29.67g,3 = 0.8(1 + 0.07645) 0.2

29.90 + 28.85

ltromequation (7),

NACA RME56B27
.

.

t ‘w=.)(%) 3093 = 31.19 (Ib/see)/sq ft

The preceding calculations for station 3 correspond roughly to the
conditions at the nozzle throat. Suppose now a divergent section is
added to the nozzle, which escpandsthe gases to an exit pressure of 0.08
atmosphere (which is found at an altitude of approximately 60,000 ft).

As a ftist estimate, assume an exit temperature of 3100° R. At a .
temperature of 31CX3°R and a pressure of 0.08 atisphere, figme 3 gives
for the entropy of the stoichiometric products

.

%,4
= 2.190

and figure 1 gives the entropy of air at 3100° R and a pressure of 0.08
atmosphere as

s’ = 2.284
a,4

Then the value of exit entropy at the estimated temperature of 3100° R,
from eqtition (2a), is

s~ = 2.343

which is not eqyal.to the value of S2 as desired. Tr@ng one or more

other temperatms and titerpolating yields the solution

T4 = 3163° R
.

(Note that this point on figure 3 falls below the saturated vapor line.)
The exit enthslpy calculated for the temperature of 3163° R is

.

h4 = 1479 Btu~lb air
.

.

-—
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Therefore,

The flow axea

value must be

Ah = 790 Btu/lb mixture”

V4 = 6292 ft~sec

at the exit may be calculated aa before except that a
computed for k by use of eqution (5d).

Combustion and Expansion of Pentaborane and

A3r without Dissociation

Assume the same initial conditions as h the preceding
but this the the tables are used. The value of total fuel

problem,
enthalpy

31

taken from table X as before is

~ = 33,828 Btu/lb

The stoichicmetric fuel-air ratio is obtained fran
VI and is clifferent from the value used previously
ferent assunrptions for the composition of air:

‘s
= 0.07615

X= (0.8)(0.07615)=0.06092

the headnote of table
because of the dif-

.

By

To

At a temperature of 560° R, the enthal.pyof air from table II(a) is

h= 243.0 Btu/lb
a,1

substitution in the left-~d side of e~tion (~)y,

~= (0.06092)(33,828)+243.0= 2303.81@lb air

get a first estimate for T2, assume the conkmstion products are

stoichiometric. Entering
pound gives approximately

tabl= VI at an enthalpy of 2303.8 Btu per

T; = 4500° R

At this temperature, table VI &ives

l(h)2 = 13,192

.

“awaawaL

.—.————_- — . ~—. ..— .-— .— —--
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and t~le II(a) gives

%,2 = ‘50”09

Substitution of these values h the right-hand side of equation (8b)
yields

~= (1.06092)(1350.1)+ (0.06092)(13,192)=2236 .OBtu/lb air

The error in enthslpy

Ah=

For a better value of

is

2303.8 - 2236.0 = 67.8 Btu/lb air

67.8
1.06092 =

63.9 Btu/lb mixture

NACARME56B27

the caibustion temperature, use the specific heat.
Erom equation (3a), at a temperature of 4500° R,

c = 0.30!51+(~:~~~)(0.7112) = 0.3459
3),2

4685° R

ccainmtion temperat= obtained

T2
63.9

‘4500+m=

This t&uperatum is 2~0 R higher than the
h the previous exsxuplewith dissociation taken tito acc&nt. The tem-
perature just found is far above that for condensation of the products to
0CCUr2 so that the use of tabk VI(a) j for ~seous B203> iS just~ied.

Now calculate the eqmsion pressure ratio. The moleculm? wei@ts
of the stoichimetric products aud of air are taken from the tops of
tables VI and II(a), respectively;

~ = 30.121

B$ = 28.967

The molecular weight of the -~e> fiOIUevtion (5c)~ is

1 + 0.06092
% = (0.8)(1.07615~ 0.2 = 29”90

30.I-21 + 28.967

Jtmn equation (9c),

92 l“:yy la 2.0 =-93=J . 0.0460
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At a temperatm of 4685° R,

v~
= 2-1830‘(=%0.4061)=2.20’3

so

Q3 = 2.2063 - 0.0460 = 2.1603

Assume that the temperature sf%er expansion is ~“ R. At this
temperature,

For a better estimate, find A@?:

%,3 = 0.3020 +(:::::::)(0.7044, = 0.3424

MA 0.3424—=
AT T=-= 8.560W0-5

Then

‘3 = 4(X)O
+ 2.1603 - 2.1522 = 40950 R

8.560W_0-b

The enthalpy at this temperature is

h3 = 1227.O +
t::%:)’12~’05) = “’8.0 ‘/” ~e

Hence,

AH = 2171.6 - 1968.0 = 203.6 Btu/lb mixture

which agrees reasonably well with the previous ample, despite the
erroneous combustion temperature.

33

The calculations up to this point are typical for fuels, such as
hydrocarbons, that produce only @seous products of cmibustion. The
temperatures in the present problem have also been high enough to pre-
vent condensation, even though the ccribustionproducts of B5~ contati

.—. .—.—-——c. —. . —— .—
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‘2°3“ However, if the gases eme now further expanded to a pressure of

0.08 atmosphere, there is a possibility of causimg some of the B203 to

condense. (It is noted that in the previous example at this condition
k was less than 1.). Such a phase change requires use of the technique
explainel h appendix B.

Assume an exit temperature of 2700° R and check for the presence
of condensed products. From egyation (le),

where the value

VdLleS of -0.25
equation (5d),

2.72> 10--

1
= 2936 - 1 (13.72) = 0.004675

of 2.725KL0-5 ‘or ?8203 is read from table XI and the

and 0.4167 for G and a/2D frmn table I. From

k~ =
13.72 -t0.004675 = o 9324

13.72 + 1
.

The change in q during expansion is, from equation (%),

92
[

=- ln2.o-~4 .
0.9324 1-~ In0.08 = 0.2025

.

Q4 = 2.2063 - 0.2025 = 2.0038

Also, from the tables at 27CX1°R,

~(~g)~ = 0.0271 (gaseous B203)

~(~c)~ = -1.1988 (condensedBgOz)

So, from equation (2d),

l@)~ = 0.W675(0.0271)

g~= 2.0190+

/2 d-

+(1- 0.004675)(-1.1988) = -1.1931

0.06092
1.06092

(-1.1931) = 1.9505

.
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The value of Qi cslculated from the asswed exit temperature is lower

than the value of Q* calculated from the pressure ratio across the

nozzle. (Note that Q4 is also a function to some extent of the as-

sumed exit temperature since k is not constsmt ~~hencondensation of
B203 OCC~S .) It is not possible in this case to obtain a solution by

cslcul.sting d3/~ from NT because ~ does not account for the

heat of vaporization tivolved in the phase change. A solution is ob-
tained by cslculat3ng g4 and ~~

T4“ ‘I!&intersection of q4 and

answer

T4 =

for several other assumed values of

%
plotted aga5nst T~ yields the

3084° R

‘4 = 0.123

The enthalpy correspondtig to this condition is cslctited to be

‘4 = 1351.0 Btu/lb mixbuxe

and gives

& = 820.6 Btu/lb mixture

V4 = 6412

which differs frcnnthe value obtained
sociation) by 2 percent.

Expsnsion with Fkozen

ft/sec

with the chsxts (ticluding dis-

Phase Equilibrium

Recalculate the final.expmsion in the preceding problem assuming
that the gaseous B203 in the ~ust prod~ts does not have @ici~t

t@ to condense during passage through the nozzle. Umder these condi-
tions,

6=1

k=l

Ustig table VI(a)(for gaseous B203) le~ to the fo~o- sol~ion:

‘4 = 2477° R

Nl= 744.7 Btu/lb ndxtwte

‘4 = 6108 ft/see

—..— —— —.-— -— — .— —.— --—



36 .-&~~ NACA RM E56B27

.

If condensationdoes not take place, the thermal energy contained in the
vaporized B203 is not recovered in the nozzle, and the jet velocity is
therefore 16wEr.

Combhation

Appendix A describes

of C and ~ Cha.rbsto Obtain C%

the procedure for cmibining the presented
thermo-&amic data to obtain data for other fuels that sre not specifi-
~ presented. As a nmrical example, suppose it is desired to cal-
culate the enthalpy of the products of combustion for the follow5ng
conditions:

Fuel, CH2

Equivalence ratio, 0.9

Gas tq?eratuxe, 4000° R

Gas pressure, 0.01 atml

The enthslpy will be calculated from the charts for the combustion prod-
.

ucts of C and H2. Stice C% is one of the fuels for which a chart is

- presented, there can be a check on the calculation. By referring to
equation (Al), it msy be seen that

a.()

T=l

5=()

Substituting these values h equations (A2) gives

D = 1.5

a= o

b=l

C=l

e = 3.773(1.5)

*w’’=’-- .3

—.
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By substitution
.

.

It is seen
combustion

37

b equation (Al),

1-1.5(02 + 3.773Z] +qo + C02 + 1.5(3.773)Z

0.5 times the hydrogen reaction (eq. (A4)) gives for the
products

{}
;%=

which, when added to the c&bon

{} {}
02 +C=

qo + 0.5(3.773}Z

reaction (eq. (A5]) yields

qo + C02 + 1.5(3.773)Z

which contains the co&rect conihstion products for the destied C%
reaction. ‘

The weight of the C% reactants is obtained from equation (A7) as
follows:

Weight= (1.008)(2)+(12.01)(1)+(138.269)(1.5)=221.428

and the tsble 3R appen& A gives the values 142.301 and 150.279 for the
reactant weights in the ~ and C reactions, respectively. The eqpa.tion

that defines the method of conibintigthe chsrts (or tables) for the stoi-
chiometric combustion products of H2 and C in order to obtati C% then is

{%}=(w:ia{i-}+=%f}
‘003213{~}+067878~

At a temperature of 4~0 R and a pressure of 0.01 atmosphere, fig-
ure 4 (for csrbon) gives

At a
(for

h= 1470 Btu/lb

temperature of 4000° R and a pressure of
hydrogen) gives

The enthalpy of

hp =

h = 2081 Btu/lb

the stoichiometric combustim

0.01 atmosphere, figure 5

products of C% then is

(0.3213)(2081)+ (0.6787)(1470)=1666 Btu/lb

~,

.— . —-— -— — —.. —
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At 1 atmosphere aud a temperature of 4~0° R,

The stoichiometric

thus the

h=

f Uel-air

ha = 1334 BtU/lb

NACA RM E56B27

figure 1 (for air) gives

ratio from eqm.tion (A12) is

‘s = 0.06763

enthal~ of the ftial mixture

0.9(1 + 0.06763](1666) + (1 -

is

0.9)(1334) = 1734 Btu/lb air

As a check on this result, calculate the enthalpy us3ng the chart
for C%. l%romfigure 6 at a temperature of 4000° R and a pressure of

0.01 atmosphere,
●

~ = 1654 Btu/lb

so that the finel enthalpy is

h = 0.9(1.06763)(1654) + (0.1](1334) = 1723 Btu/lb air

The error in calculating the entlmlpy of C% US* the C and Hz charts
is

1.

2.

3.

4.

0.6 percent.
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.

“[
%1-on

@ntene

C!mimn

EmOrane

EtE@5ne
decdomd

%’p&-

-g’=

Methanol
n-(ktane

Rniakurane

lo.ez

58.3.2

12.o1

27.6.%9

150.364r{E131nphlt% d
Li@fi

~.198 Liquid
14.026x Liquid

2.016

1

{kLiquid

16.042 Liquid
S2.042 Liquid
114.224 Liquid

63.172 Liquid

S6.7
470.8
S56.7
S56.7
s% .1
536.7

S56.?

535.7
36.7
536.7
201.0
556.7
536.7

536.7

Total
entkdw,

Btu/ib
28>843
23.,249
Zl,w }
13,m5
36,575
36,26s}
m=

ZQ,EJ36
-zo,d

62,002
EJ3,m }
23,919
23,531}
9,892
m,52a

53,132a

toichkmdric
‘n&l.-airratio,

(3

0.MM3

.06467

.0.Ss66

.06675

.07768

.06589

.06763

.02916

.MEm

.1545

.06m8

.0763.5

13

-1.0

.38M

o

0

-.a43

.3636

.3333

1.0

.5

1.0
.36

-.25

D

0.7

6.5

1.0

3.0

.4.0

1.0
1.5

.5

2.0

1.5
2.5

6.0

%

.66fi

.33X

.35n

,41.67

%r assumad to consist of the followlmg mle fre.ctiona: ~, 0.7W9; I+, 0.2095; A, 0.@3S ; (X+, O.@

(For .e in conjunction with the tables of u.uiimcdated data.)

he.
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TABLE II. - THERMODYNAMICDATA FOR AIR AND WATER VAPOR

[Nodissociationassumed~

(a) &. -.itlca, prcent by volume: nitm-
2EII,78.0$:mwm, $=.sS:uwm, 0.63; carbon
dic.dde,0.03. Hole.mlarwei@t, 28.97.

Enlperplm,

6

SW

450

900

@m

7CZ0

750

6sa
9W
9W

:%
llm
ll!XI

E%’

14m
14EJJ

1502
15511
16W

:%

1750

%%
19m
19m

2CU!I

21m

Z2Uo

2250
2300

24~
246o

2mJ

260J

2703

27%
2603

26W
22W

m

slm
SEa

32W

S360

34s0

?mthalpy

B&b

=
236:6s
226.62
240.62
2s2.s4
2S4.70
278.79

2ae.2a
sa.05
313.27
326.52
337.66

3s0.27
3a2.75
375.2s
SS7.92
4m.63

41S.42
428.28
43S.24
452.26
465.3s

478.6s
491.sl
605.14
51tl.56
632.(72

64S.56
ss9.17
572.64
5%.57
13Y3.3S

614.a3
62TJ.1O
642.04
65s.04
670.U3

&:%
n2.63
726.76
741.03

765.33
76S.70
764.CM
79.2.90
812.96

827.4S
64.98
6%.ss
m .12
.%3s.73

9W.36
915.05
622.7s
944.46
259.2s

974.OJ
925.60
10Q3.63
101.s.48
l&?3.S6

198.23
3W.02
~.;;

Sls:u

—. —.

ccmlmant-
PrwJ-
~fa=w,

l~~ib)(%

1.49s49
1.53031”
1.5ss43

1.s63-58
1.Iw256
1.62748
1.s4679
1.66471

1.66146
1.66n7
l.nm
1.72598
1.7s932

::E
1.77591
1.7m13
1.79796

1.s0s40
1.81S46
1.62623
l.ssm
1.s4691

1.6E5S4
1.66454
1.873UI
1.ss12a
1.66s32

,1.89n6
1.SM66
1.91235
1.919W
1.22s64

1.95364
1.s40n
1.64743
1.95402
1.96046

1.96662
1.97sa
1.97914
1.96s13
1.99102

1.226W
2.Ix24S
2.cEx407
2.01S57
2.01667

2.0242s
2.ms52
2.0s467
2.03974
2.04474

2.04967
2.c&s2
2.CH9S0
2.06401
2.0s-966

2.07324
2.07776
2.-
2.cm62
2.020S6

2.02524
2.0S946
2.1036s
2.10778
Z.lllEs

2.l15ss
2.l19E6
2.1W9
2.12767
2.ln61

2.13631
2.17106
2.20sS6
2.2s281
2.239s6

-—

Spealfio
beat,

%
It#(lb)(’%

0.2s79

:R

.2396

.2402

.2406

.2U4

.2419

.2426

.24s9

.2449

.2460

.2474

.2489

.Z5.03

.2$L8

.2534

.2650

:2%
.Z5S7
.22s2
.262s

.224s

.2656

.267s

.2667

.27aJ

.2n4

.2727

.2739

.27sl

.27S2

.2774

.2764

.2795

.am

.alls

.2624

.2s33

.2s42

:i%i’

.2624

.2673

:X%
.26s5

:2%
.2914
.29’XI
.2626

.asl

.2257

.2s42

.2247

.a52

.a37

.2962

.2967

.2S72

.2976

.29s0

.29s5

.2989

.222s

.2s97

.sml

.m

.m

.SO12

.S016

.3319

.X51

.s078

.Slol

.3121

[b) Water vqmr. Holemlar might, 18.016.

m

450

5W

6m

7W

E

9W
95JJ

12W
H-m
lXXI
14aJ
1450

1%

:%
17W

1750
16W

R%
1950

m

21aJ
am

‘22s4
2W

24m
24!3J

2s03

26m
2mJ
271x

27W

2sm
22W
=50

m

SUM
Slw

3250

3s50

S4so

35cn

3600

s7aJ

btbalp]
B~b

~
1XC3.21
13s0.2(

lSS2.31
ls74.5f
1366.91
141fi.4c
m2.a

14s4..9$
14s7.7f
1510.ff
1534.s4
E-57.X

1561.4:
16c6.2f
1629.s4
1653.8;
1678.32

1703.01
1728.7C
175s.81
1779.2(
mccs.q

16s1.4:
1257.s4
lsss.sf
M1O.M
1937..34

1964.Sf
1992.14
2019.s:
2047.32
207s.22

2103.36
man
‘212JJ.2t
2189.m
Z217.96

2247.12
2276.41
23@3.cG
2335.71
236s.6.9

ZS95.78
2426.W
24S6.S4
2467.19
=17 .9s

m.97
mo.12
2611.41
2642.62
2674.S4

2706.27
27ss.16
2770.=
2m2.40
2P34.72

2867.17
26S9.74
2s32.44
2965.26
2998.21

so31.28
S064.42
S097.69
SEa.o’l
sls4.55

s198.11
5231.79
52=.S6
3ZW.43
5ss3.s6

6367.41
5712.16
40s3.70
L420.61
L781.77

cmstant-
premmn
QtmPY,

?’Km,/lb)(%

2.3132
2.5737
2.42s3

2.4721
2.614s
2.6534
2.3864
2.6222

2.6546
2.6642
2.7121
2.738S
2.764S

2.7665
2.811.9
2.6343
2.6559
2..9767

2.s269
2.9169
2.-
2.2S43
2.972I3

2.9901
3.0272
S.CQ32
S.0404
S.@-m

s.07’am
s.09n4
S.lce?o
3.l16s.9
s.ls146

3.14s72
3.15971
S.17S46
3.1.9701
s.m332

s.2134s
3.2s6ss
3.2S9W
S.25E4
3.2-

S.27S07
S.2.4S07
s.29961
3.31157
S.3230S

S.SS446
3.3456s
3.25676
S.S6770
S.37S=

S.33919
S.39973
3.UOIS
S.42045
3.430E3

3.44070
3.45064
3.46046
3.470a
S.479S2

3.4ss5s
S.49674
3.93s03
s.S1726
S.52637

3.63s36
S.S4430
s.-
s.5ae7
3.57M2

3.579M
3.66027
S.7S434
s.8a236
See

.—

Spacifio
heat,

%
Ikm(lb)(%:

0.4362
.4546
.Ull

.44S6

.44W

:s
.45s3

.4564

.4mJ

.46si

.46n

.4711

.4752

.4792

.46s3

.4677

.4921

.4964

.6009

:Wm
.5146

.619s

.s240

.5267

.ss34

.5G560

.6427

.5473

.6317

.5561

.-

.5647

.5666

.5730

.s771

.ss11

5%’
.s22a
.59es
.6923

.6040

.E076

.6060

.614s

.Sm7

.6212

.6244

.6276

.6s07

.6337

.6586

.6396

.6423

.S450

.6477

.6s03

.6327

.a2

.6576

.65s9

.S621

.6643

.6665

.Wss

.67Q5

.6725

.6744

.6762

.S7sl

.2799

.IM16

.696s

.7U96

.nw

.7=

——. ——- ——
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TABIE ~ . - THERMODYNAMIC DATA FoR s~I~~~C cmusTION PRODUCTS OF BORON

[N:ag:SO;l;~III assumed ; molecular weight, 34.391; stoichiometrlc fuel-alr

9..

(a) Gaseous boron oxide B203.

l?empe~ture, IM&py, Constant- Speclflc #(h) *(Q)
heat,

*(op)
pressure

4 Btu~b entropy,

Btu/&b) (%) B’”/~~) (’=)

1750 ------- ------- ------ -------- ------ -----
1800 1611.24 1.70247 0.2943 11,135.4 -2.1421
1850

0.229
1626.00 1.71056 .2957 11,146.9

1900
-2.1358 .230

1640.82 1.71846 .2970 11,158.4
1950

-2.1296 .232
1655.71 1.72620 .2984 11,170.1 -2.1236 .234

2000 1670.66 1.73377 .2997 11,181.9
2050

-2.1176 .236
1685.68 1.74119 .3009

2100
11,193.7 -2.1117 .237

1700.75 1.74845 .3020 11,205.6
21.50

-2.1060 .238
1715.88 1.75557 .3032 11,217.6

2200
-2.1004 .239

1731.07 1.76255 .3042 11,229.6 -2.0949 .240

2250 1746-31 1.76940 .3052 11,241.7 -2.0894
2300

.241
1761.60 1.77612

2350
.3062 11,253.8 -2.0841 .242

1776.94 1..78272 .3072 11,265.9
2400

-2.0789 .243
1792.31 1.78920 .3080 11,278.1 -2.0738

2450
.243

1807.74 1.79556 .3088 U,290.3 -2.0687 .243

2500 1823.21 1.8o181 .3097 11,302.5 -2.0638
2550

.244
1830.TL 1.80795 .3104 11,314.7

2600
-2.0590 .244

1854.25 1.81398
2650

.3112 11,326.9 -2.0542 .244
1069.83 1.8199Z .3119 11,339.1

2700
-2.0496 .244

1885.44 1.82575 .3126 11,351.4 -2.0450 .244

2750 1901.09 1.83149 .3132 11,363.6
2800 1916.77

-2.0405 .244
1.83715 .3138 11,375.9 -2.0361

2850
.244

1932.48 1.84271
2900

.3145 11,388.1 -2.0318 .244
1948.23 1.84818 .3151 11,400.3

2950
-Z.0275 .244

1963.99 1.85358 .3156 11,412.5 -2.0233 .244

3000 1979.79 1.85889 .3162 11,424.7 -2.0192
3050

.243
1995.61 1.88412 .3167 11,436.9

3100
-2.0152 .243

2011.46 1.86927 .3172. 11,449.1
3150

-2.0112 .243
2027.34 1.87435 .3177 11,461.2

3200
-2.0074 .242

2043.24 1.87936 .3181 11,473.4 -2.0036 .242

3250 2059.15 1.88430 .3186 11,485.5
3300

-1.9998 .241
2075.10 1.88916 .3190 11,497.6 -1.9961

3350
.241

2091.06 1.89396
3400

.3194 11,509.6 -1.9925 .240
2107.05 1.89870 .3199 11,521.6

3450
-1.9889 .240

2123.05 1.90337 .3203 11,533.6 -1.9854 .239

3500 2139.08 1.90798 .3206 11,545.6 -1.9820 .239
3550 2155.12 1.91253 .321.0 11,557.5
3600

-1.9786 .238
2171.18 1.91703 .3214 11,569.5

3650
-1.9752 .237

2187.26 1.9ZL46 .323.7 11,581.3 -1.9720
3700

.237
2203.36 1.92584 .3220 11,593.2 -1.9687 .236

3750 2219.46 1.93017 .3224 11,605.O
381XI

-1.9656 .235
2235.59 1.93444 .3227 11,616.7 -1.9625 .235

3850 2251.74 1.93866 .3230 11,628.5 -1.9594 .234
3900 2267.90 1.94283 .3233 11,640.2 -1.9564 .233
3950 2284.07 1.94695 .3236 11,651.9 -1.9534 .233

4000 2300:26 1.95103 .3239 11,663.5 -1.9505 .232
4500 2462.85 1.98932 .3263 11,777.7
5000

-1.9235
2626.50

.224
2.02301 .3281 11,887.6 -1.9004 .ZL5

5500 2790.97 2.05516 .3296 11,993.o -1.8803 .206
6000 2956.10 2.08389 .3308 12,094.2 -1.8627 .198

.
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TABLE III. - Concluded. THERMODYNAMIC DATA FOR STOICNIOMETRIC COMBUSTION PRODUCTS

. [NCIdissociation asfnuwed;molecular weight, 34.391; st.lchicxuetricfuel-alr ratio,

Sm

4m

w

Bm

7CQ

Im

Bm

950

10JXI
mm
llal
1150
lmo

12m

X%.7
lwl.7

14m
1450

Kim
Mm
mm
16?.0
1700

17s0

:%

R%

2ax
mm
21fm
cl=

22m

2350

:&

a

2&m
2s3
2700

2730
2.903
2853
29m
22m

m

3200

m

S2m

m

SEO

3502

36W

s7m

37%

w
mm
mm

4oon
4mo

lmhalpy,

B&b

524.3s

E%:Z

6m.15
569.88
5al.e4
S24.03
606.46

619.os

IRE
658.19
13-n.lm

-.17
898.92
712.9s
726.94
7U.20

75S..32
770.21
non
.913.31
.928.W
244.92
861.07

077.23
893.45
902.69
%2S.96
9&2.25

9ss.92
974.91
991.27
1W7.37
la?4.09

1040.%
10s7.03
107s.53
102O.U9
I.lw.m

1123.26
11s9.90
1156.57
1173.26
1189.99

1202.76

R:%
1267.19
1274.05

12w.94
1X17.25
1324.7.9
13U.75
13sa.72

1375.72
1322.74
1409.78
1428.24
144s.91

1461.C8J
147e.11
1495.24

w:%

m4e.n
1533.w
lml.lo
159a.5J
161s.94

1632.78
1650.03
1667.W
lW. W
1701.86

1719.16
1.922.70

(b) Condensed boron oxide ~20~

constant-
mmu’e
entropy,

Btu/rib)(%)

1.m832
1.llm5
1.14464

1.16844
l.lsxl
1.21213
1.23163
1.25013

1.287s0
1.23407
1.29389
1.31E03
1.3%9

1.s4s43
1.s5aes
1.s69fio
1.3s-235
1.s9449

1.40628
1.U769
1.USOS
1.4507.9
1.46249
1.47420
1.42s63

1.49649
1.mn3
1.s1743
1.5274s
1.5S7HI

1.54634
1.55598
1.5*
1.57s59
1.3R212

1.s2045
1.69es9
1..%3s6
1.E14s4
1.22196

1.22642
1.63674
1.24391
1.6m94
1.65783

1.664ffl
1.En26
1.67778
1.68420
1.69cS.O

1.22670
1.7a220
1.7CG379
1.n422
1.7aM9

1.72szl
l-mm
1.7s7s7
1.74283
1.74821

1.7ss51
1.75073
1.7.w3s
1.76296
1.77397

1.77891
1.72379
1.78f@o
1.723s5
1.79W

1.m267
1.ao724
1.81175
1.81621
1.r12061

1.42497
1.8ffi64

sF%Oiflu
heat
Op>

Bti(lb)(%)

o.21a6
.2232
.2277

.2323

.23.s9

.2410

.2461

.2507

.2548

.=6

.2625

.2663

.2697

.27s2

.2767

.2e01

.2.9s4

.2B6.9

.2901

.29s4

.22s5

.32C6

.-4

.3224

.-

.323a

.3244

.3249

.s2!5s

.3260

.s26s

.3269

.3273

.X2al

.3287

.3293

.3299

.S3m

.3312

.3318

.3324

.3330

.3337

.=2

.3342

.3334

.5s-59

.3364

.3370

.3s7s

.s379

.a

.W9

.3s93

.-7

.3401

.s403

:Pn
.341E

.s420

.3423

.3426

:R

.s4s6

.s438

.34U

:%6

.s449

.S4sl

.=

.s456

.s4s2

.34mJ

.3479

t(h)

3s02.9
3422.B
3482.7

s487.e
348s.0
3484.s
3425.7
S4.m.s

3494.7
3S31.8
3510.s
S521.o
3s32.3

sS44.6

=:;
3588.2
S604.6

3wl.9
3340.2
3640.9
4021.7
4123.4
4E.5.9
UW3.1

4219.s
4251.1
4281.8
4s12.1
43U.9

43n.3
4403.2
44=.8
4457.0
44s4.9

4s12.5
4539.8
4567.0
4s23.’3
4620.6

4647.1
4673.s
4699.8
472s.9
4751.9

4777.8

s::
48s4.8
4.FL90.2

4905.6
49s0.9
495-6.1
4981.2
-.2

msl.1
5Qs5.9
SJXIO.7
610s.4
5129.9

Ea54.5
5178.9
52U3.2
S227.5
5251.7

5276.8
S229.9
5323.9
SS47.8
%n.6

SS25.3
6U9.O
5442.6
5466.1
s489.6

ES::

7(?) *(OJ

-4.34m
-4.5534
-4.s794

-0.Z04
-.162
-.U9

-4.3s97
-4.-
-4.3WL
-4.3936
-4.3&m

-.077
-.034
.007
.049
.062

-4.3EU4
-4.s723
4.3618
-4.3499
4.3377

-4.3250
-4.3118
-4.2973
-4.2842
-4.2704

.I.28

:E
.214
.s

.257

.279

.-299

.=7

.336

-4.25Q
-4.2U8
-4.2U7
-3.8651
-3..9no
-3.7U6
-s.2249

-s.80s4
-s.7.929
-s.7ew
-s.74s0
-3.7270

-3.noo
-s.39s7
-s.672n
-3.&53a
-3.2486

-s.m45
-s.=0
-s.6079
-s.59s3
-s.56m

+.sno
-s.s594
-3.s422
-s.5372
-s.522s

-s.516c
-s.9256
-s.4968
-3.4em.
-3.4765

-3.4W12
-3.4=1
-3.4422
-3.44ffi
-s.4319

-3.42s6
-3.4NX3
-3.4075
-3.3224
-3.5917

-3.s240
-S.3766
-3.3693
-3.m21
-3.33s3

-s.3-91
-3.3U2
-3.s545
-s.3279
-3.32X5

-s.3161
-3.swB
-3.3W6
-3.2S6S
-3.2206

-s.2647
-3.23X

.355

.573

.374

.662

.353

.646

.6s9

.629

.tra

.610

.ml

.s22

.563

.574

.537

.sEa
..633

.549

.544

.s40

.ms

.5s2

.S16

.514

.612

.Slo

.Sa9

R
.m2
.W
.499

.497

.49s

.464

.492

.491

.4s2

.487

.486

.484

.4e3

:% .
.478
.477
.479

.474

.472

.4n

.462

.4@3

.4SI

.453

43

OFBORON

O.1O43J
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TABLE IV. - THERMODYNAMICDATA FOR STOICHIONETRIC

@o dissociation a:sum:::jmoleculsr wefght,
fuel:alr ratio, . .

MAC.ARM.E56BZ7

COMBUSTIONPRODUCTSOF CARBON

31.483;stoichlometrlc

m

mn

7m

m
Km

9oa
950

K%’
llw

lzw

lzm

H%
1450

lSW

1600

R

2250

-235a
24a3
24m

Z5m

2EXI

27KI

S254

5S?XJ
3400
S&o

S5M

E
S7W

x%
59m
39.54

m

m
6500

W&q,

Bbl/lb

153.17
164.50
175.=

187.49
169.13
210.87

E:G

246.70
2s6.64
2TL.09
263.43
226.62

S09.4S

%2:
S46.69
ss9.66

372.72
585.66
S99.16

&:%

439.E5
45s.12
466.92
480:76
494.66

579.6S
524.in

%%%
6s7.61

6s2.25
666.94
2al.66
696.46
nl.w

726.18
7u.11
766.07
771.06
7.M.12

.6m.zl
816.53
6m.46

%:%

e77.14
6s2.42
907.74
92s.06
9S8.4S

9s2.6!4
962.27
964.71
1000.19
10H.62

103I.2O
1046.74
lm.so
1077.89
106s.49

Iloz.11
1124.7s
1140.42
U66.1O
1171.79

11.67sl

+%:E
1265.s3
1626.70

ccmnt9nt-
C

Btu/&b)(%)

RR
1.4456a

1.69912
1.42210
1.612tu
1.53149
1.5462?

1.5E390
1.68157
1.5664s
1.61W6
1.624X2

1.65-690
1.24925
1.66106
1.67260
1.66s54

1.69421
1.70452
1.70762
1.Z?42S
1.7ss69

1.74226
1.7m63
1.72U55
1.769cd
1.777s3

1.76s49
1.79s4s
1.60U8
1.60276
1.e1617

1.657.ss
1.664C9
1.87043
1.876-Ea
1.66=270

1.66679
1.66470
1.9cu51
1.60623
1.9116s

1.91739

i:%%
1.92346
1.95662

1.94661
1.64667
1.65s64
1.9S676
1.9636a

1.96637
1.97s06
1.97773
1.96261
1.98243

1.99E-O
1.926n

H&’%
2.C0661

2.o1260
2.01664
2.02104
2.@5m
2.-09

2.03s04
2.07CZ?6
2.106M
2.13442
2.162541

0.2273
.2277
.2297

.2317

:=
.2378
.2s26

.2410

.243a

.2454

.2478

.2499

:%
.2sa
.25a2
.260s .

.262s

.264s

.2662

:%

.2n9

.2737

.2754
-Z7n
.2787

.25s3

.=19

.263s

.2647

.2261

.2a74

.2668

.2698

.Z611

.2222

.2932

.2643

.a53

.2262

.23n

.2920

.2689

.=96

.-

.mlz

:%%’
.s0s4
.W41
.s047

.50-92

.3096

.5491

.SC96

.Slol

.51c6

.Sl10

.3114
ale
.s122

.s226

.3K.O

.s134

.31s7

.s141

.3144

.=74

.s198

.3216

.52s5

t(b)

49s.8
-g.:

44.7
-519.1
-522.7
-s26.4
-s27.2

-527.7
+2a.o
-627.8
-626.6
-625.s

z::
-616.7
-s15.8
-612.7

-W6.2
-sas.4
-W1.4
-497.2
-492.7

+2.6.1
-46s.2
-478.2
-472.8
-467.5

-462.0
4s.5
-450.7
-444.7
4.6

-452.4
426.1
-419.6
-413.1
-406.5

-322.7
-322.9
-326.0
-s79.0
.372.0

.s64.9
+.57.7
.35a.4
.s43.1
,3s6.8

,328.4
320.9
.313.4
*.9
298.s

260.7
awl.1
275.4
267.7
260.0

252.2
2U.4
266.7
226.9
Z21.1

21S.2
2a5.4
197.6
189.7
L91.Q

-174.0
-166.2
-169.4
-150.6
-142.7

-1s4.9
-S7.2
19.0
93.4
165..9

*(?)

-1.3792
-1.s976
-1.4122

-1.4235
-1.4s21
-1.4s8s
-1.U26
-1.4450

-1.4459
-1.4463
-1.4460
-1.4442
-1.4426

-1.4409
-1.4s67
-1.4362
-1.4?42
-1.4S16

-1.4287
-1.4266
-1.4164
-1.4196
-1.4166

-1.41ss
-1.41112
-1.4070
-1.4m7
-1.401%

-1.3973’
-1.S242
-1.3210
-1.3679
-1.s247

-1.2-916
-1.5764
-1.s763
-1.3722
-1.3692

-1.S661
-1.s631
-1.3602
-1.ss73
-1.s543

-1.3515
-1.S466
-1.XM
-1.?.434
-1.s40s

-1.3376
-1.ss49
-1.5322
-1.6296
-1.s270

-1.5245
-1.s219
-1.5195
-1.2170
-1.3145

-1.slzl
-1.SG98
-1.m74
-1.W61
-1.s028

-1.SCK16
-1.2264
-1.2962
-1.2s40
-1.2619

-1.2896
-1.2674
-1.2656
-1.26s2
-1.2el6

-1.2797
-1.26.13
-1.2453
-1.2311
-1.2166

-0.152
-.134
-.116

-,098
-.060
-.062
-.044
-.026

-.olz
-.@m
.011

:%?

.0s6

.047

.C54

:%

.072

.077

.C%l

.026

.091

:%
.102
.10s
.106

.llz

.115

.117

.120

.122

.136

.137

.136

.140

.141

.143

.144

.146

.146

.147

.148

.149

.lW

.151

.151

.162

.153

.162

.164

.164

.165

.16s

:%
.1S6

.156

.156

.154

.156

.156

.1s6

.156

.156

.156

.1S6

.166

.1%

.lEJJ

.146

.143

.
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TABLEV. - ~ODYNANIC DATAFOR STOICHIOMETRIC COMBUSTION PRODUCTS OF HYDROGEN

rNo dissociation assumed: molecular weiRht. 24.648: stoichiometric
‘fuel-air ratio, 0.02916.]

3s0
400

1000

h%

m

12W
1s03

1403
14W

Em
1s50
lfim
16s4
1700

2000
2050
Zloo
21EJJ

m

23s4
24m
2460

275o
26420
2650

m

3CO0

311XI
31m

3250
3300

3400
3499

3s00

s-

S7QJ

s7Ea

36W
39JOJ
3950

4000

5003

6000

Fwr#lpy,

B&b

470.14
464.64
499.s3

914.37
629.19
544.02
.5s3.97
573.93

5Fa.9s
604.02
619.17
634.40
649.n

665.U
660.61
696.24
711.9s
727.n

743.69
759.62
776.02
792.36
8oa.9s

=.45
642.09
636.62
.97s.81
823.77

906.65
927.12
9U.42
961.63
979.?s

998.95
1014.6s
1032.46
1050.35
1066.33

1066.42
1104.56

H%:E
11s9.s6

1271.ea
U260.S2
lm9.60
132e.5-s
1%7.67

136s.64
1366.0$
1405.34
1424.69
1444.06

14=.52
1463.01
1502.63
1522.15
1s4.79

1s61.47
E-91.19
16m.95
1620.77
1640.62

16+3J.I.3-O
1660.42
17m.32
1720.36
1740.42

1760.49
1962.86
2167.87
2374.65
2S63.71

C-mstmnb
premum
entrgpy,

B~(lb)(~)

l.nws
1.75792
1.76266

1.62363
1.65210
1.87796
1.90164
1.62401

1.94463
1.96422
1.962ffi
2.~
2.01660

2.03240
2.04763
2.CU3204
2.073al
2.09946

2.l&249
2.llS14
2.12331
2.1S918
2.lw76

2.16194
2.17265
2.16346
2.16390
2.2W03

2.’a323
2.22360
2.233JX
2.24237
2.25146

2.260s3
2.26912
2.277n
2.2a61s
2.26436

2.sa.262
2.31m
2.31636
2.32207
2.33366

2.57679
2.wffl
2.s9033
2.32625
2.40349

2.4099S
2.U629
2.42266
2.42875
2.43466

2.44X9
2.44644
2.49272
2.466s2
2.4642S

2.46692
2.47551
2.48104
2.46651
2.49191

2.49725
2.W253
2.m77s
2.s1221
2.616al

2.62306
2.57072
2.61362
2.6S339
2.689n

Spyl..ic

Qp,
Baa/

0.’293s

:%

.2961

.2669

.29n

.2666

.2994

.SOJ6

.XM

.305-9

.m31

.3070

.KJ?H3

.3106

.31W

.3152

.3174

.3196

.3220

.3243

.3226

.S289

.5s33

.3336

.3360

.s3s-2

.34M

.s27

.34m

.%70

.3491

.3EJ1

.-

.35W

:=
.3606

.3623

.s640

.3es9

.5473

.3269

.370s

.3720

.3735

.3749

.3763

.3776

.37s0

.360s

.3916

.5a27

.3939

.32sl

.3962

.3673

.3&63

.s294

.3903

.s913

.32=

.3932

.3640

.3649

.3957

.s965

.3973

.3961

.m.99

.3996

.4W3

.4010

.4o16

.4075

.4122

.4159

.41.99

*(h)

9,720.1
9,666.6
9,9.29.4

10,064.7
10,164.6
lo,2a4.9
10,365.7
10,486.8

10,690.3
10,662.7
10,795.9
10,601.3
11,cm.o

11,111.6
11,2M.1
11,327.4
11,435.9
11,645.7

11,6S6.3
11,775.o
11,868.3
12,003.1
12,125.5

12,242.9
12,361.9
12,462.s
12,606.3
12,7S1.YI

12,656.9
12,965.e
13,114.1
13,2U.O
13,375.4

13,606.s
1s,642..9
13,77.9.8
13,916.2
14,055.0

14,165.5
14,X7.2
14,460.6
14,624.7
14,771.2.

16,67s.3
15,630.4
15,966.6
16,144.2
16,302.8

17,276.s
17,441.9
17,6a9.3
17,775.7.
17,943.9

18,U3.O
16,2% 2.6
18,4s3.2
18,624.5
1s,79.s.4

16,969.0
19,142.2
19,316.2
19,490.&
19,6ffi.8

19,8U.6
=,&26.S
23,452.3
26,s07.9
27,164.9

7.7666
8.0331
8.2862

.9.475a
8.6659
.9-6401
9.m14
9.ls15

9.2%1
9.4274
e.sml
9.6728
9.78m

9.8640
9.9964
10.0964
10.1954
10.2666

10.379s
10.4707
10.6636
10.6397
10.7233

10.6034
lo.e-ml
10.6s77

::%%

11.1797
U .2491.
11.3194
11.3a66
11.4s70

11.s243
11.5907
11.66613
11.7206
11.7647

11.647.9
U.9102
n.9ne
12.0325
12.0926

12.ls26
12.211i
12.26s2
12.s274
12.s344

12.4402
12.4964
12.5521
12.6064
12.6611

m.n47
12.7679
12.6m2
12.8726
12.9242

12.9763
13.02s-2
13.0759
13.1256
13.1746

13.2232
u.2n4
13.3194
13.3644
13.4131

13.459s
13.5W
13.5503
13.5959
13.64M

13.6647
14.lce-o
14.4697
14.6434
15.17m

__ .—___ —- .—— —————

#(OJ

1.963
1.972
1.962

1.691
2.001
2.010
2.019
2.CQ2

2.041
2.K6
2.070
2.06s
2.103

2.la
2.139
2.136
2.162
2.2M

2.227
2.253
2.26n
2.s02
2.3s4

2.364
2.394
2.424
2.435
2.467

2.619
2.551
2.s1
2.612
2.643

2.674
2.704
2.7=
2.763
2.792

2.=
2.6m
2.879
2.906
2.934

2.961
2.966
3.014
3.040
3.066

3.06
3.11i
3.137
3.160
3.162

3.2CU
3.=
3.246
3.265
3.2734

3.304
3.321
3.336
3.3s5
3.3n

3.367
3.4CQ
3.U8
3.431
3.44s

3.452
3.472
3.464
3.496
3.506

3.519
3.61S
3.e-94-
3.7ss
3.770
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TAB~ ~ . - THERNODYNA.MICDATA FOR STOICEKMETRI C COMBUSTION PRODUCTS OF PENTABORANE B5H9

[No dlssoclatlon assumed; molecular weight, 30.121; stolchlometrlc fuel-air
ratio, 0.07615.]

(a) Gaseous boron oxl,deB203.

kmperature, lqlthalpy, Constant- Speciflc v(h) W(q) w(~)
T, pressure heat,
OR B&b entropy,

Btu/&b)(%) =Wkk)

1750 ------- ------- ------ -------- ------ -----
1800 12j65.90 1.88936 0.3125 11,401.1 -0.2190
1850

a 0.562
1381.56 1.89795 .3141 11,429.4 -.2035 .568

1900 1397.32 .1.90635 .XL57 11,458.O -.1883 .574
1950 1413.14 1.91457 .3173 11,486.8 -.1733 .580

2000 1429.05 1.92263 .3189 11,516.O -.1585 .586
2050 1445.03 1.93052 .3203 11,545.5 -.1439
2100 1461.08

.591
1.93826 .3217 11,575.2

2150 1477.zL
-.1296 .596

1.94584 .3231 11,605.2 -.1155 .602
2200 1493.40 1.95329 .3244 N.,635.4 -.1016 .607

2250 1509.66 1.96059 .3257 11,665.9
2300

-.0879 .612
1525.98 1.96777 .3269 11,696.6 -.0744

2350
.616

1542.36 1.97482 .3282 11,727.6 -.0611 .621
2400 1558.89 1.98173 .3293 11,758.e -.0480 .625
2450 1575.28 1.98854 .3304 11,790.2 -.0350 .630

2500 M81 .84 1.99522 .3315 11,821.8 -.0222 .634
2550 1608.44 2.00180 .3325 11,853.6 -.0096 .638
2600 1625.09 2.00827 .3335 11,885.6 .0028
2650 1641.79

.642
2.01463 .3345 11,917.9 .Olso .646

2700 1658.54 2.02089 .3355 11,950.3 .0271 .650

2750 1675.34 2.02705 .3363 11,982.9 .0391 .653
2800 1692.18 2.03313 .3372 12,015.6 .0509 .656
2850 1709.06 2.03910 .3381 12,048.5 .0625 .659
2900 1726.00 2.04499 .3389 12,081.6 .0740 .663
2950 1742.96 2.05079 .3397 12,114.9 .0854 .665

3000 1759.97 2.05651 .3405 12,148.2 .0966 .668
3050 1777.o1 2.06214 .3412 12,181.7 .1o77 .671
3100 1794.09 2.06769 .3419 12,215.4 .1186 .674
3150 1811.21 2.07317 .3426 12,249.2 .1294 .676
3200 1828.36 2.07858 .3433 12,283.1 .1401 .679

3250 1845.54 2.08390 .3440 12,317.1 .1507 .681
3300 1862.76 2.08916 .3446 12,351.3 .1611 .683
3350 1880.o1 2.09435 .3452 12,385.5 .1714 .685
3400 1897:29 2.09947 .3458 12,419.8 .1816 .687
3450 1914.60 2.10452 .3464 12,454.2 .1916 .689

3500 1951.93 2.10951 .3470 12,488.8 .2016 .691
3550 1949.29 2.11443 .3475 12,523.4 .zL14 .692
3600 1966.68 2.11930 .3480 12,558.1 .2211 .694
3650 1984.10 2.12410 .3485 12,592.8 .2307 .695
3700 2001.54 2.12885 .3490 12,627.6 .2401 .697

3750 2019.00 2.13354 .3495 12,662.5 .2495 .698
3800 2036.50 2.13817 .3500 12,697.5 .2588 .700
3850 2054.01 2.14275 .3504 12,732.6 .2679 .701
3900 2071.55 2.14728 .3509 12,767.6 .2770 .702
3950 2089.10 2.15175 .3513 12,802.8 .2860 .703

4000 21o6.68 2.15617 .3518 12,838.0 .2948 .704
4500 2283.54 2.19783 .3554 13,192.1 .3782 .711
5000 2462.02 2.23544 .3583 13,548.4 .4533 .713
5500 2641.76 2.26970 .3606 13,905.2 .5ZL3 . .713
6000 2822.55 2.30116 .3624 14,261.4 .5833 .711

.
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mm.an. -COncmea.~C m FCR 6TOICBI~EZ61C C_TKL9 PEOlxPT3 CH ~ %%

[U. tifl,..iation.s-; mol~ va~, 30.121; BtdChi@MtiO fuel-air ratio, 0.0_(615.l

(b) CondenBd boron oxide B203.

l-l

~
m

.

.

rqlemtum,
T,
‘%

354

4W

w

6Q’2

71M

7m
600

w
960

1000
10SY
llm
llsa
12m

1=0
1320
13X.7
ml.?

14m
145-0

lmo

%%’
I&a
1700

1750

N%

:%

moo

2100

2203

2E.m

2350
2400
2450

2W0

2W0
213W
2700

2750
26m
2650

295o

m

3100

%

?!2f4

3360

3%
5s00

3600

%’
37%

38%

k%

4000
4520

Entylpy.

Bdb

S04.60
s17.25
-.n

%2.4S

%%
661.46
564.79

603.26
621.90
635.69
649.6+.
663.75

6n.98
662.65
70s.95
721.s7
736.39

6s8.66
875.0s
691.4s
207.98
924.5o

9U.1O
957.77
974.47
621.23
1006.04

1024.91
1041.63
10s6.60
1075..93
1092.91

lllo.cs
1127.24
1144.47
1161.75
1179.06

1196.46
1213.e9
1.241.3S
124.9.66
1266.41

1264.o1
l?.-ol.64
1319.WI
m7.02
1364.76

1372.s4
1390.34
1406.19
1426.07
1443.97

1461.91
1479.87
1497.66
lsls.ea
1533.9s

1642.72
1660.93
1679.17
1697.42
1713.69

1733.98
1917.87

cm8taot-
pre.mnlm
eyy,

Btu/(;b)(%)

1.S14U
1.M752
1.S7706

1.405=W
1.42629
1.4EU31
1.472(DJ
1.491.s0

1.51OU
1.526o1
1.54474
1.66037
1.57590

1.596s1
1.E04s4
1.61607
l.emll
1.6437s

1.65S96
1.667.91
1.66818
1.66918
1.7C092
1.n2s7
1.724Gt

1.73614
1.74!M7
1.75629
1.76W5
1.776a3

1.7652s
1.79534
1.60450
1.81343
1.e2217

1.87031
1.87837
1.66s78
1.69W6
l.mml

1.90723
1.91413
1.22091
1.62759
1.93414

::-
1.95321
1.95N
1.9654s

1.9n41
1.97730
1.96310
1.96862
1.66446

2.mm2
2.00551
2.olm2
2.01626
2.a?ls3

2.0267s
2.03L36
2.03693
2.0419s
2.IMW6

2.0S176
2.0s6s9
2.06135
2.06606
2.07072

2.07632
2.llee3

2Pylo10
,

.3P,

Bfd(lb)(W

0.2434
.2467
.2=9

.2552

.2s94

.2617

.2649

.2591

.2712
,2742
.2n2
.2602
.26s1

.2.964

.2.990

.2219

.2940

.2978

:X2
.3345
.=6
.ss67

.3378

.Ssa6

.3400

.6411

.34a

.S-ml

.34U

.3452

.34ffl

.3471

.3460

..5436

.3426

.*

.5914

.5522

:E
.3s4s
.6551

.5ss6

.?.566

.3572
..3s7.9
.5564

.3590

.3595

.s601

.3606

.3612

.3617

.3621

.3626

.3633.

.s635

.3640

:%
.36s2
.3656

.3664

.3693

t(h)

4410.7
4417.0
4425.2

4436.2
4447.1
44%1.0
4476.s
4494.2

4513.7
4ss4.5
4556.s
4660.9
46W.6

4=1.4
46s6.1
4687.2
4n5.2
4745.0

4775.7
4&m.4
4609.6
519s.6
62s-9.5
5262.8
5326.0

S672.0
5415.9
*9.,5
S50S.5
5546.8

SEW.9
5633.2
5676.1
5n8.9
5761..7

5604.4
5647.1
E-%39.9
5932.7
5975.s

2018.4
6u61.s
6104.4
6147.S
6190.8

6ZTA.1
6277.6
6321.2
G54.7
6406.5

6452.3
6496.2
6540.2
6584.s
6628.5

7119.4
7164.4
7m.4
7254.S
7299.5

7344.6
7sa9.8
74ss.0
7460.2
7526.5

7670.7
6024.1

.——. ——— — .

*(?)

-2.6014
-2.s632
-2.s234

-2.6421
-2.5194
-2.4953
-2.4701
-2.4466

-2.417S
-2.3226
-2.3637
-2.ss62
-2.3o94

-2.26SI
-2.=67
-2.25.06
-2.2042
-2.1796

#(op)

0.106
.lU
.162

.’!U9

.257

.=s

.332

.370

%
.456
.423
.%

.525

.546

.566

.565

.604

.624

.644

.644

.666

.666

.W5

.662

.879

.87S

.8n

..ml

.864

.ml

..95.9

.6s7

.856

.W4

.854

:&
.=
.657

.659

..960

.8K1

.863

.8Ei

.867

..966

.m,

.87s

.875

.877

.879

..9.91

.E92

.ea4

.66s

.667

.669

.690

.622

.693

.664

.69S

..996

.698

.898

.699

.203

.901

.902

.902

%
.204
.9M

.9ca

.907

-1.7C57
-1.6770
-1.649s
-1.&z27
-1.3667

-1.5n7
-1.5478
-1.5243
-1.5014
-1.4792

-1.4576
-1.4365
-1.US6
-1.3967
-1.376JJ

-1.3567
-1.3679
-1.319s
-1.?.-m.2
-1.2634

-1.26m
-1.24.96
-1.2318
-1.2161
-1.1988

-1.l&?7
-1.1666
-1.161S
-1.3698
-1.lax

-1.la59
-1.0913
-1.0768
-1.0628
-1.0466

-1.0s47
-l..@lo
-1.0076
-.694s
-.9612

-.9663
-.6556
-.2422
-.95.ca
-.9162

-.9061
-.e941
-.6a23
-.8706
-..s591

-.6477
-.7409

——. —
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TABLEVII.- ~lODYNMnC DATAFORPRODUCTSOF STOICRICMETRIC CCMBUSTTON OF DIBORANE ~6

~;a;~O;ia;;iE!SUmed; molecular weight, 28.883; atolchlometric fuel-air
>. .

(a) Qaseous boron oxide B203.

l’emperature, Enthalpy, Constant- Spectilc #(h) *(O) *(cpj
T,
OR

pressure heat,
B&lb entropy,

Btul&b) (“R) Btu/fi~) (%)

1750 -------- -------- ------- -------- --------- --------
1800 1281.23 1.95385 0.3187 11,539.5
1850

0.7829 0.736
1297.21 1.96261 .3204 11,576.5 .8032

1900
.744

1313.29 1.97118 .3222 11,613.9 .8232
1950

.752
1329.44 1.97958 .3239 11,651.8 .8428 .760

2000 1345.67 1.98779 .3255 11,690.0 .8622 .768
2050 ~ 1361.99 1.99585 .3270 11,728.6 .8812 .776
2100 1378.38 2.00375 .3285 11,767.6 .9001
2150

.783
1394.84 2.01150 .3300 ll,8@7.O .9186 .791
1411.38 2.01910 .3314 11,846.7 .9368 .798

2250 1427.99 2.02657 .3328 11,886.8 .9548
2300

.805
1444.67 2.03390 .3341 11,927.2 .9726 .812

2350 1461.41 2.04110 .3354 11,968.1 .9902
2400

.818.
1478.20 2.04817 .3366 12,009.0

2450
1.0074 .825

1495.07 2.05513 .3378 12,050.6 1.0246 .831

2500 1512.CQ 2.06197 .3390 12,092.3 1.0414 .837
2550 1528.98 2.06869 .3401 12,134.4
2600

1.0580
1546.01

.843
2.07529 .3412 12,176.8

2650
1.0744 .849

1563.10 2.08182 .3423 12,219.3 1.0908 .855
2700 1580.24 2.08823 .3433 12,262.2 1.1068 .861

2750 1597.# 2.09454 .3443 12,305.4 1.E26 .866
2800 1614.68 2.10075 .3453 12,348.8 1.1383 .871
2850 1631.97 2.10687 .3462 12,592.5 1.1538 .876
2900 1649.31 2.11290 .3471 12,436.5 1.1690 .881
2950 1666.69 2.11884 .3480 12,480.7 1.1842 .885

1684.11 2.12470 .3488 12,525.1 1.1991
%%

.890
1701.58 2.13048 .3497 12,569.7 1.2138 .894

3100 1719.08 2.13617 .3505 12,614.6 1.2284 .899
3150 1736.63 2.14178 .3512 12,659.6 1.2428 .902
3200 1754.21 2.14732 .3520 12,704.9 1.2571 .906

3250 1771.83 2.i5278 .3527 12,750.3 1.2712 .910
3300 1789.49 2.15818 .3534 12,796.0 1.2851 .914
3350 1807.17 2.16350 .3541 12,841.7 “ 1.2989 .917
3400 1824.90 2.16875 .3548 12,887.7 1.3125 .920
3450 1842.66 2.17393 .3554 12,933.8 1.3260 .923

3500 1860.45 2.17905 .3560 12,980.1 1.3393 .926
3550 1878.26 2.18410 .3566 13,026.5 1.3524 .929
3600 1896.11 2.18910 .3572 13,073.0 1.3655 .932
3650 1913.99 2.19403 .3578 13,119.7 1.3784 .934
3700 1931.90 2.19890 .3583 13,166.5 1.3911 .937

3750 1949.83 2.20372 .3589 13,213.5 1.4037 .939
3800 1967.79 2.20847 .3594 13,260.5 1.4162 .942
3850 1985.78 2.21318 .3599 13,307.7 1 .4285 .944
3900 2003.79 2.21782 .3603 13,355.0 1.4407 .946
3950 2021.82 2.22242 .3609 13,402.3 1.4528 .948

4000 2039.88 2.22696 .3614 13,449.8 1 .4647 .950
4500 2221.67 2.26978 .3655 13,929.0 1.5776 .964
5000 2405.26 2.30846 .3687 14,413.7 1 .6797 .972
5500 2590.29 2.34373 .3712 14,901.4 1.7727 .977
6000 2776.47 2.37613 .3733 15,390.5 1 .8577 .978

.

.

-.
.
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.

.

[Ho dlmocldim a8mLmea-, Wlmoul.ar weight, z3.es3; Stoichbmkd 10 fuel-airratio, O.wq’s.

(b) Ccm&msd
~ -e %%”

Teaw&um, mltbalpy, cOnstant- 8P~=@-
~

t(h) t(?) *(O*)
4 B$hb my %

Bt=#($b)(%) B~(n)(W

3s0 49fl.16 1.32240 0.2647
510.99 1.42671

4aeo.5 -1.6853
.2s75

o.22a

4s0 523.94
4894.8

1.45725
-1.6556

.2603 4910.9 -1.6171 :=

5-m 537.cm .22SI 4228.7
SSO.25 H%%

-1.5794

mo
.2690

.374
494.8.s

1.s3331 .26a6
-1.54a .406

4969.7 -1.5049
%% 1.65484 .2n4

.449

7CYJ 590.76 1.57s19
4992.8

.2742
-1.4678

5017.7
.480

-1.43m .s15

7m 6JJL53 1.59423 .2789 *.5 -1.3936
618.45

8543
1.- .279S 9X-2.4

.545

1.62824 .2825
1.s90 .5n

5101.7 -1.3226
E%% .2W3 Em!3.1

.597
-1.2a63

em 661.03 H&x .2877
.623

5164.8 -1.2526 .844

lmo 67S.49 1.m577 .2905 s197.5 -1.ml
690.0.9 1.s9m2

.684

h% 7W.86
.’ax?

1.70377
-1.1859

.2259
.685

n9.n
RR

1.n696
-1.1528

.2888 5302.3
.7ffi

-1.1214
HoO 734.72 1.72974 .so16 5539.1

.725
.-1.mm .7U

1250 749.86 1.74211
7&5.2s

.304s 6376.8
1.7*

-1.0582
5U7.1

.764
1301.7 76s.n 1.76453

-1.a?al

1301.7
:%%

787.62
641e.4

1.m45
-1.m73

S770.8
:%

1.78520 :x%
-.733s 1.008

14m R% 1.79497
3419.5

.3244
-.n96 l.m

1453 8?S.92 1.e0841
5970.0

.3280
-.68m

S%?l.e
l.cm

-.64n l.m

832.26
E%

1.81749
868.67

.3274 5972.2
1.82825

-.2127 1.m.9

FJ8s.ls
-.5798

:&% %%:
H.%

1.63972
901.76 1..94893 .3S16

-.5478 ;:%i

170J
6124.1 -.s33s 1.W918.s9 1.05.96s .m lm74.4 -.4a6a l.om

17s0 9M.08
mm

1.8M
S51..9S

.3?X3
1..97767 .5366

6224.7 -.4s76

lEWI -.4227
=::

$%
968.s7 1.aan9 .?sm
98s.5s 1.89619 .s-s28

-.40zl
6376.s

1.5J7

M= lom.w 1.9-
-.37s2

.3s95
l:m

6428.8 -.3490 1o11

2om 1019.SI 1.913-s1
1036.S8

Jwc@
1.2Z?W

6477.4 -.3233 1.o13

mmn
6528.1

%%’
I.mmo :=

-.’am.
6579.0

1.016

1070.91
-.2737 1.019

1.9W9 .5445 6630.1 -.2497
1068.16 1.943s2 .3497 66U.S -.2262 ::%

2250 llo5.4a l.mnl
1122.tlE

.546.9

2ss0
1.96175

6732.7
.3480

-.203J

1140.22
6784.3 -.18M ::%’

1.96=
24U0

.3491
llS7.76 1.9768o

6936.1 -.lml l.a?a
24s.a l17s.31 1.98384 :%%

-.E-52 1.M2
.%%:: -.1146 1.o46

2s02 1192.91 1.990W
lao.m

.3523 6982.?
1.99724

2e4$J
.335s

-.m35 1.050

=.24
7045.4

2.0W5Z .3543
-.0722

7028.3
1.m4

26s0 1248.8a 2.01157 .=
-JE.a3 1.m6

27UJ
n51.3

1263.77 2.olmz .3562
-.0319

7204.5
1.m3

-.olm 1.067
2753 lal.61 2.02476

1299.49
.ssn 72s8.0

mm
.SsW

.m-ls 1.070

1317.40 E:%% .3588 %::
.c4?6a 1.074

22m 1335.36 2.04379 .3397
.W59 1.078

22541 1353.38
7U9.4

2.IM995 .35M
.m47 1.W1

7473.6 .0632 1.m5
Sm9 13n.4s 2.m6m

U-99.51
.3B12

2.06200
7528.0 .1015
7m2.5

l.ma

1407.63 2.06789
w

:%%
1425.7s 2.07370

7637.2
.s63s

:=
7692.0

::%

1443.92 2.07% .W
J548 l.me

n47.o .17=
3253

1.101
1462.21 2.08503
14ao.47

.S841 7F#2.2

mm
.s-!3s5

.1823 1.104

149.9.76 ::%%
7857.4

.3631
1.la5

34@J 1517.c9
7912.2

2.10159 .3267
:% 1.109

7988.s
3.4% 1535A4 2.10695 .3873

.Zw2
eJ1.?4.o

1.111
.255s

m
1.114

lssa.62 2.U224 .s!372
M 72.23

2079.e
2.11746 81s5.6

1.I.M
1520.27 x%

:E 1.U8
:E

2.X226=2 8191.6
16m.14 2.12771 .38a5

.X131 l.la
s7cm

8247.2
1627.63 2.13275 .3700

.3185
8s03.9

1.122
.=

3750
1.124

1848.14 2.M772
1634.69

.3706
2.142E3

S9W 16m.25
.3no

2.1474.9
Ml?:;

.3715
:%% ::H

3800 8472.9
17ol.a5 2.1522.9 .372-3

.3-KM
8528.4

1.129
1720.45 2.E5702

.3232
.3724 8s86.o

1.133
.4078

40m
1.132

1739.09 2.lmn
m .54

.3729
2.-6

8642.7
.3767

.4219
8212.4

1.133
.5561 1.144

I
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(a) ~-carbon ratio, 1 (C@; udecular weight, 29.696; ~lchimetric fuel-air ratio, 0.07532. .

Teqmrature>
T,
%

3s3

4W

2%
9m
250

2250

23s3
24m
24W

2W0

26-W

H%

XvJ

31W
SW

3250

33sa

345a

3500

36m
33s0
3700

3753

S-9w

S950

4000
45m

65-W

ylw,

B&b

Zm.os
262.31
274.64
267.07
‘a9.s9

312.21
324.92
Iri7.n
550.Q
-.60

376.70
369.90

E:%
4m.12

44?i.73
457-49
471.s1

%:3

513.42
527.63
541.93
S36.34
570.s

62s.44
6W.1O
m4.e4
629.E4
=1.27

652sl
674.ss
2a9.25
704.s2
720.0s

736.s6
75a.71
766.x2
781.06
797.60

812.6e
643.97
64s.95
m9. Ea
873.44

891.25
937.09
222.26
956.91
254.87

970.s6
96s.91
lm2.9s
1019.10
10s25.24

Lcdl.40
1067.60
10s3.= ,
UCO.1O
rlm.sa

U32.70
U49.04
1165.41
Uel.eo
USS.22

.214.63
231.12
247.60
2s4.11
.220.64

colmtant-
pre—
en~

Btu/(ib)(%)

1.45149
1.4635s
1.512u2

1.537=
1.56101
1.3624+3
1.E02sa
1.62W6

1.6sa43
1.654e5
1.67036
1.64S-I
1.62216

1.712m
1.72s4e
1.7s762
1.74974
1.7.6X2+

1.77236
1.7e312
1.7ss%?
1.s0367
1.8E52

l.mslo
1.63242
1.64160
l.esMo
1.65905

1.867S0
1..27sn
1.66s66
1.69175
1.6ss49

1.60707
1.91449
1.92177
1.92891
1.9-

1.94279
1.94954
1.95617
1.9626a
1.969G9

1.97s56
1.2s7s4
1.9876L
1.99s64
1.99952

2.CC652
2.ollM
2.01663

$:%%

;:=
2.04s-58
2.04s72
2.a5sm

2.05662
2.0.!s77
2.06665
2.07346
2.07~

2.-1
2.06765
2.09215
2.0666S
2.1o112

2.1M53
2.10269
2.l14m
2.I..U!46
2.lZ267

sPea&10
,

Op,
Bb/(lb) (%:

0.23s7
.2405
.2423

.2440

.2458

.2476

.2494

.2s12

:s
.2s69
.25s6
.2609

.2S29

.2649

.2670

.2621

.271.2

:=
.2773
.2793
.2613

.26s2

.2661

.287o

.266.9

.2W=S

.2925

.2240

.2635

.2970

.2965

:%%
.W27
.3040
.5053

.s-064

.3076

.Xk9e

.5028

.310-a

.3119

:H
.3147
.33.56

.3164

.s73

.ZJsl

.5189

.3196

.32CM

.3211

.3218

.=4

.3231

.3237

.5243

.3249

.3255

.52s3

.s265

.E270

.5276

.326JJ

.s265

.32s0

.3224

.5299

.3303

.ss07

.3311

.3347

.5s76

.35s8

.341.9

#(b)

m.4
301.4
303.3

344.0

w
339.4
326.5

E:+
349.0
368.2
587.5

432.7
445.4
457.8
470.6
464.2

497.6
311.3

%%:
3s4.5

w::
S99.6
Q5.1
726.9

646.7
663.2
679.7
696.3
n3.2

730.3
747.6
7a5.1
775.0
sm.3

81.2.s

R::
073.4
892.0

910.7
929.6
946.8
967.7
907.0

l@J6.4
1025.9
1043.3
10CS.2
1C=35.1

12ca.7
L228.O
1246.5
1267.o
12e7.5

1?03.1
L524.8
LM9.5
L370.2
1s91.0

*(9)

-O.67O6
-.6274
-.6626

-.3s70
-.65a2
-.s424
-.6339
-.624S

-.6142
---
-..5644
-.LISS4
-.5732

-.56s2
-.5631
-.s437
-.s37
-..5241

-.SM4
-sobs
-.487.9
-.4658
-.47s3

-.4674
-.4s49
-.4496
-.4407
-.4320

-.4234
-.41s2
-.406s
-.5965
-.s903

-.3m2
-.3742
-.3662
-.5364
-3X%

-.3430
-.3s4
-.3279
-.3205
-.3131

-.3cas
-.2916
-.2916
-.264s
-.2773

-.2707
-.2s39
-.26n
-.25-CS
-.24S9

-.2374
-.2s,03
--2246
-.2M3
-.2120

-.m5e
-.1997
-.1937
-.1B77
-.1.21.9

-.1760
-.17a2
-.1645
-.1W6
-.1632

-.1477
-.1422
-.l?m
-.1315
-.1262

#(ap)

O.o11
.028
.045

.063

.060

.097

.115

.132

.m

:%
.224
.231

.239

.246

:%
.264

.270

.276

.282

.267

.=3

.298

.303

:F3
.322

:%

:R’
.539

.343

.347

.361

.3%

.337

.361

.367

.364

.370

.373

.376

.379

.361

.364

.S86

.3-96

.391

.395

.s95

.327

406
,407
,402
,410

412
41s

22
416

M1l.9
K21.7
16s3.4
3345.8
?25s.0

-.1209
-.ons
-.2694
.0135
.C&J4

416
422
424
424
423



y.

o
c1

.

.

‘l%myture,

4

3-W
4WI
45J3

7543

em

9Ea

lm
1050

%%
1200

1%

:%
1653
17CU

173n
Mm

:%
19s0

2259

2X4
2400
24W

27W

mm
2900

Snxl

mm
mm
39*

Enttpy,

B&b

Z:E
279.S4

232.52
WS.19
317.93
3W.76
?.43.67

%::
3E2.94
s9.s.21
409.57

423.04
436.EAJ
45J.28
464.&3
477.94

491.92

x:%
SW.%
349.05

5e3.6s
578.15
562.s5
E4J7.70
522.58

637.S6

%%%

%:%

n3.73
722.20
744.75
760.34
776.01

791.76
867.57
e23.4s
.939.35
e65.34

871.3s
S87.48
803.6JJ
919.ez
936.o6

962.3s
962.70
9a5.os

lW1.9
1017.98

1034.49
lcql.lx
1W7.63
10-94.26
llm.92

1117.e2
1134.35
llsl.11
1167.91
lle4.74

1201.59
1218.47
lz5s.s9

E:E

12a6.29
lm3.51
1=.55
ls37.42
13s4.sl

1371.62
154s.s2
1717.62
1893.3S
mm.9s

1.49442
1.52764
1.35711

1.6e3e3
l.mna
1.62995
1.6SJHJ
1.66965

1.5976.S
1.7CM6
1.7X63
l.msn
1.75a17

1.7e398
1.77723
1.78991
1.Kr216
1.e1398

1.a2540
1.83646
l.eUMo
1.ss7%
1.8.S770

1.87754
l.mm
1.8%345
1.WE59
1.9144e

1.92316
1.9s166
1.9s996
1.94SC9
1.9s604

1.963s3
1.9n47
1.97896
l.mesl
1.99361

2.COX9
2.W754
2.03.436
2.0ZI07
2.02766

2.03u4

::%%
2.26296
2.ffim3

2.065m
2.070s0
2.07WI0
2.c&ml
2.oseo4

2.C9S59
2.02S07
2.10446
2.1097FI
2.l15Jm

2.laJ21
2.12531

;:=
2.14024

2.14509
2.142ee
2.154Kl
2.15922
2.163s1

2.1SS47
2.1729.9
2.L7743
2.lele4
2.18619

Speclfiu
h-t,

%’
Bt#(lb)(%)

0.2475
.2491
.2ms

.2524

.25U

.=7

.2573

.2s90

.2S07

.=

.2644

.2662

.23a3

.2703

.2723

.2744

.273S

.2786

.2s07

:=
.2&39
.2s20

.2s10

.2929
-2249
.296s
.2286

:=

:=
.?070

.3WS

.?mm

.W4

.?Z28

.3142

.S154

.3167

.s179

.3191

.32cr2

.321s

.5224

:E
.3254

.3263

.3272

.3281

.5290

.329e

.3306

.=14

.3321

.3s2s

.3s36

.?=43

.=9

.3355

.3362

.S5ea

.3374

.3379

.S3e5

.3691

.3326

:H
.3411
.3US
.342a

.5424

.3464

.3425

.3521

.3542

*(h)

9e2.s
690.3
229.1

lme.7
1019.s
10W.6
1CM2.FJ
1056.8

1070.3
1CL94.7
1029.8
1115.9
KE2.1

l14B.8
1165.9
lle3.9
12a2.o
1220.4

1239.3
1259.6
1279.3
1299.4
1320.9

13U.7
lX.O
13M.6
1407.3
1429.6

m71.3
1596.o
16=.1
1646.4
1672.1

lwe.o
1724.2
lH..9
1777.4
lea4.5

LS?il.8
les9.4
18S6.9
Lsls.1
W43.4

L9n .8
-.5
?029.4
?6.9.5
F3e7.7

Zl17.2
?146.8
376.7
4Q3.7
436.8

4s7.2
?297.6
?32e.2
?35s.9
?3s9.8

?420..9
M51.9
!483.1
!514.5
k545.9

E577.4
!m9.o
!e40.7
!672.5
!704.4

!7s6.4
W9.3
S87.2
ln7.6
049.5

*(*)

-0.0642
-.0421
-.mlo

-.~6
.0193
.03m
.Ci5e5
.07.W

.0979

.llE5

.1%7

.1537

.lm

.leEm

.2&2

.2210

.2373

.2529

.2535

.2a42

:XR
.32=3s

.5426

.3s.%

.3702

.32s3

.3272

.U64

.-

:Z
.4610

.4734

.4SS6

.4977

.SC97

.=4

.5331

.E446

.55s0

.5s73

.!37ss

.6495

.W

.6407

.6218

.6324

.6428

%%
.673s
.6e35

.e9s4

.7032

.-ma

.T225

.m

.7U4

.7EJ37

.76s9

.76s0

.77s0

.7e89

.7967

.eo45

:E

:E2
.e46s
.&w
..9632

.8n2

.9473
L.0163
L.07SS
1.1371

*(op)

0-1s1
.lW
.le4

.201

.2M

.235

.a

.26s

:x
.307
.319
.s28

-m
.347
.354

:%E

.3el

.ss2

.s27

.*

.U3

%
.436
.443
.453

.Ea

.463

.4n

.47s

.4s5

.491

.498

.6M

.Slo

.515

:%+
.=

:F2

:=
-m
.55?
.567

.6n

.575

.579

:%

.591

.ss4

.522

:E

.&n

.Slo

.Sls

.6H

.618

.620

.623

.625

:E

.m

:E
.6SA
.ese

-e

:s
.6+C?
.664

_——._—
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(a) mIwfmkGmKm =*, 5 (q); mole2nl.2rWM.!@, 273.232;mtdohiomtic mel-dr ratio, O.cwu.

2SW

2600
265JI
270J

2750

;%

2950

m

31m
SEO
=

S2W

3350

345-9

S5-m

SE-W

S7W

375a
36m

SW
s=

m
4500

Ssao

Entk&lpy,

S&lb

SE
S4S.23
362.s
37s.54

3-s6.63
4CQ.18
41s.63
426.1.9
U2.81

45.s.3s
470.36
464.33
498.37
s12.62

526.77

‘s&i%
370.26
365.a2

599.60
614.6a
626.6-s

%::

7s2.9s
766.n
764.56

R:%

6s2.55
648.66
864.87
661.12
.967.46

913.63
W.27
646.n
963.3a
979.89

296.55
1013.24
1-.98
1046.7.9
1063.62

loco.m
10s7.41
m4.3e
1.131.?a
1146.42

l16s.49
1162.61
1199.75
1216.24
12s4.16

1=1.40
122a.6a
L265.99
m.=
L320.69

L3M.06
15S5.5L
L372.96
L320.45
L407.62

1425.45
L601.26
1760.20
1960.01
?141.06

cals-t-
p—
yPJ#

Btu/(ib)(%:

1.5-5
1.5s651
lsm

1.QG36
1.6412-o
1.62426
1.62s28
1.7M136

1.72326
1.74CE4
l.-mwl
l.-m?m
1.78704

1.enl14
1.81424

::*
1.65211

1.86376
1.67-
1.e791s
1.89656
1.20626

1.91690
1.626=24
1.9sff18
1.64650
1.95453

1.96341
l.m?
1.6.9c&
1.266s2
1.99663

2%$%
Z.mWa
2.02781
2.03516

2.~
2.04247
2.c&544
2.06328
2.07001

2.076&s
2.C@314
2.066s4
2.C9S6S
2.102IX

2.10616
2.11418
2.12011
2.12524
2.13170

2.13736
2.14227
2.14649
2.lss6s
2.lLi9s-9

2.16469
2.16962
2.17497
2.16me
2.125W

2.190J5
2.19496
2.19960
2.23456
2.2CW1

2.2139EI
2.~6S9

::=
2.23’U2

2.25653
2.27809
2.31566
2.34993
2.36143

2Ph&&i0
>

Op.

Btu/(lb)(%:

0.25s9
.2554
.2522

.2564

:3%
.2630
.2646

.2662

.22ao

.2696

.2n6

.2736

.2757

.2777

.2797

.2e12

.*

.2661

.2822

.2203

.2624

.2645

.296s

.=66

.3906

.s-025

.W44

.?.062

.S-021

.s927

.?l14

.3131

.3147

.=62

.3177

.=92

.3m6

.3419

.5-426

:=
.W46

.3452

.3456

.3464

.3470

.3476

.3461

.s467

.5491

.3497

.3502

.3W6

.3346

.3592

.s602

.3631

*(h)

1572.7
ls66..9
16JJ1.6

1617.3
1633.8
1651.1
1669.2
1662.1

17m.5
1726.9
1749.9
lm.9
1794.1

1616.7
1636.9
1.964.0
1668.1
1912.7

1237.7
1964.7
1920.6
2017.1
m45.3

2217.o
2247.2
2277.7
2S-@3.6
23s9.9

23n.e
2403.7
2436.2
2469.1
Uo2.s

=.9
2369.9
M04.3
?m. a
?673.9

?702.2
?744.9
!781.1
!817.2
!233.7

!690.6
!527.8
963.2
-.8
Q40.e

079.0
117.4
K6.1
1%.0
254.1

273.5
313.o
352.7
562.6
b32.7

k72.9
513.s
i5s.9
394.6
%.4

~6.4
n7.5
156.8
m.1
)41.6

163.2
w.?,
B2.5
.65.1
WI.6

o.46m
.4662
.*

.5276

.56-30

.6=1

.6561

.6663

.n4s

.7409

.7661

.7918

.6159

.9463

.9672

.6640
L.W60
L.0252

L.0436
L.0620
1.-
1.c@79
1.1152

1.1324
!.1466
..125s
..1620
..1963

..2143

..23a2
.2452

:%

.2617

:E
.3s64
.=

1.3647
1.37ea
1.3626
1.4066
1.4203

1.4332
1.4472
1.4m4
1.4735
L.4665

L.499S
L.Q2L
1.S247
L.53n
1.5494

1.5616
!.5737
.S2S6
..5974
..6061

..62o7

..6327
,.6433
.-1
.6659

.6769

.687.9

.6266

.7023

.719.9

.7m3

.6264

.9196

:%

#(op)

0.272
.269
.X6

.Sa

:=
.370
.366

.4W

.423

.425

.437

.447

.467

.467

.477

.486

.496

.s

.514

.’52s

.6s2

.642

.551

.6’30

.569

.578

.667

.596

.6M

:E
.-

.636

.646

.653

.661

.668

.675

.663

.690

.696

.703

.710

.n6

:7%
.734

.740

.749

.751

.756

.7ffl

.766

:%
.760
.764

.766

.762

.795

.799

.em

.826

.809

.6L2

..915

.616

,621
,623
,626
,626
,6s-0

,U2
,.9W
661
866
872

.

,

CN
U3

z

.

-.



.

T=weym*

‘%

S50
4W
454

Wo

w

700

lm

EE-o
9m
9EJJ

lam
Iwo
11oo
lMO

1250
Em

14m
1454

I&xl

R%
1650
17W

22m

23$0
2400
2460

2xm

:%
27W

27&3
265)
2850

2260

Xcm

3100
3160

?&m

3354

3450

m
4EW

65al
2-000

397.33
3Z0.3Q
333.35

346.47
339.2.6
372.S+
5.96.25
399.66

413.16
426.73

E:E
467.97

4.91.91
426.94
Elo.lo
624.34
539.70

553.1s
%7.81

%:2
1312.25

627.24
642.35
637.53
672.93
eea.29

703.78
n9.39
736.06
7E@.22
766.67

7a2.w
790.61
814.70
H.ea
247.10

862.42
879.79
896.24
912.74
929.32

24S.96
962.6s
979.40
fm.a
1o13.07

1029.99
lCME.98
1063.97
l@91.04
10WI.1S

Ll15.31
1132.sl
1149.65
1167.02
U94.m

1201.73
L219.13
L2W.57
I=.@
L271.S6

L289.1O
L30E.W
L324.2a
1341.93
L3S9.59

1377.22
1s95.01
1412.77
143CI.5S
1448.5S

1466.18
1645.77
1827.33
X71O.47
2194.e-9

cmatit-
pYumure
mpY.

Bti/(ib)(%)

1.34894
1.5.9S34
1.61432

1.64204
1.66n9
1.691Z26
1.n162
1.75160

1.7EQ20
1.76m
1.72-427
1.79999
1.21496

1.22926
1.84296
1.2s2-$9
1.26275
1.e4097

1.86279
1.90423
1.20247
1.92606
1.9=6s

1.94670
1.9=
1.96625
1.97570
1.9.2489

1.99387
2.-65
2.0U24
2.019ES
2.CQ788

2.0599s
2.04MS
2.ci5161
2.26922
2.0666B

2.07401
2.GW21
2.CEQ9
2.02S24
2.1CCU7

2.10980

::%
2.12832
2.13462

2.14@33
2.14684
2.15296
2.15890
2.16475

2.17M2
2.17221
2.18181
2.1.9734
2.162s3

2.19819
2.axm
2.2Qa75
2.=322
2.21203

2.22402
2.Z2907
2.2s399
2.=6
2.24567

2.24842
2.233U
2.26776
2.26234
2.266W

2.2n37
2.?J367
2.5S192
2.38623
2.41822

2Fpuiliio
.
,

Btu/zb)(%l)

0.2507
.2401
.2236

.2630

.2345

.2269

.2673

.22-22

.2704

.2722

.2732

.27s7

.2777

.2797

.2817

.233-9

.2869

.2621

:%

:x
.2987

:%
.3W9
.m69
.3JX7

.3107

.3128

.3143

.3120

.3177

.31..S4

.3202

:%
.=

.326a

.?222

.5226

:=

.3333

.W

.3335

.S567

.3578

.s3a8

.539s

:UR
.3426

.343S

.3444

.%53

.34ffl

.3467

.3477

.3424

.5491

.%90

.33m

.3s12

.357..2

.3524

.Ssm

.36S6

.3542

.3649

:=
.3563

.S-52a

.5J312

.324a

.3676

.3699

t(h)

2e98.9
210a.3
2128.4

2149.s
an.1
2123.6
2216.9
2241.0

2266.6
2292.1
2318.3
2345.8
2372.9

24m.8
2429.1
2458.6
2488.0
=18.0

2%8.4
2Fm.1
2212.6
2644.5
2678.7

2711.7
2745.2
2779.3
2a14.9
282-0.0

282S.5

%%:
=95.7
3033.3

son.4
mm.9
3M2.9
31Exl.3
3228.2

3268.6
3SU2.3
?S50.5
3392.0
3434.0

3476.4
S9.2
5562.5
35U5.8
3649.7

329s.9
S73.2.5
S783.S
m28.6
W74.1

5226.0
S966.1
bo12.5
M9.2
L106.1

LH3.3
E03.8
L242.4
t226.S
H44.5

k392.8
M41.3
M90.1
E39.o
*.1

K37.3
LE4?6.7
L7S6.3
L78E.1
L23S.9

L266.o
\392.7
i90a.7
430.8
!9s6.8

$(v)

0.%322
.9726

1.0203

1.0645
1.1C62
1.14EJJ
1.1824
1.2123

1.2537
1.2%6
1.3U32
1.3499
1.3725

1.4M0
1.4359
1.41K5
1.4ea7
1.5141

1.5391
1.5543
1.s233
1.6113
1.6346

1.6572
1.6790
1.7037
1.7221
1.745-0

1.7637
1.7EFS

::=
1.24=

l.fmia
1.e812

::%
1.9s42

i:=
1.9206
2.ocal
2.0254

2.042.s
2.052s
2.0762
2.0928
2.1092

2.=
2.1415
2.1S74
2.1731
2.1227

2.2041
2.2193
2.2344
2.2424
2.2641

2.2788
2.22S5
2.S076
2.321e
2.355a

2.3498
2.363s
2.3772
2.3207
2.4040

2.4172
2.4303
2.445s
2.4s61
2.4529

2.4815
2.6m.9
2.7095
2.8020
2.9-

$(OJ

A . . .“.0,3
.324
.Uo

.426

.442

.Wa

.474

.4s6

.303

.516

:E
.551

.562

.572

.s23

.s93

.60s

.613

.624

.234

:%

.665

.275

.686

.696

.7cm

.n7

.n7

.737

.746

.756

.766

.772

.784

.793

.202

.810

..219

.627

.655

.84S

.W1

.a39

.267

.873

.2-21

..987

.824

.ml

.907

.913

.919

.-

.93a

.936

.W

.946

.951

.25S

.960

.964

.968

.972

.976

.979

.983

.986

.990

.993

.996

.999

l.ml
1.G24
1.OM
1.048
l.ca

—-_ ——-———. ...—.
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TABLE IX. - THERMODYNAMIC DATA FOR STOICHIONETRIC CCMBUSTION PRODUCTS

OF ETIMENE DECABORANE B@13C2H5

[No dissociation assumed; molecular weight, 30.756; stolchlometrlc
fuel-alr ratio, 0.07768.]

(a) Gaseous boron oxide B203.

‘ewyatie, Enthalpy, Con8tant- Speclfic #(h) W(Q) #(op)
pressure heat ,

4 Bt&lb entropy, Cp 9

=wf~b)(%) Btu/(lb)(~)

1750 ------- ----— ------ ------- ------- -----

1800 1244.41 1.87554 0.3081 9,506.9 -0.4067 0.’491

1850 1259.86 1.88401 .3096 9,5m.5 -.3932 .496

1900 1275.39 1.89229 .31K3 9,556.5 -.3799 .sol
1950 1290.99 1.90040 .3128 9,581.7 -.3668 .507

2000 1306.67 1.90833 .3143 9,607.2 -.3539 .512
2050 1322.43 1.91611 .3157 9,633.0 -.3412 .517
2100 1338.25 1.92374 .31n 9,659.0 -.3286 .522
2150 1354.14 1.93122 .3185 9,685.2 -.3163 .527
2200 1370.10 1.93856 .3198 9,711.7 -.3041 .531

2250 1386.13 1.94576 .3210 9,738.4 -.2921 .535

2300 1402.21 1.95283 .3222 9,765.3 -.2803 .540
2350 1418.36 1.95978 .3234 9,792.5 -.2686 .544
2400 1434.63 1.96659 .3245 9,820.9 -.2572 .548

2450 1450.81 1.97329 .3256 9,847.3 -.2459 .552

2500 1.467.12 1.97’989 .3267 9,875.0 -.2346 .556
2550 1483.48 1.98637 .3277 9,902.9 -.2236 .559

2600 1499.88 1.99275 .3287 9,930.9 -.2127 .562

2650 1516.35 1.99901 .3296 9,959.2 -.2019 .566

2700 1532.85 2.00518 .3305 9,987.6 -.1912 .569

2750 1549.40 2.01125 .3314 10,016.1 -.1808 .572

2800 1565.99 2.01724 .3322 1o,044.9 -.1704 .575

2850 1582.63 2.02312 .3331 lo,oi’3.7 -.1602 .578

2900 1599.31 2.02892 .3339 1o,1o2.7 .-.1501 .581

2950 1616.02 2.03464 .3346 10,131.8 -.1401 .583

3000 1632.78 2.04027 .3354 10,161.1 -.1305 .586

3050 1649.56 2.04582 .3361 1o,190.5 -.1206 .588

3100 1666.39 2.05129 .3368 1o,220.o -.1110 .591

3150 1683.26 2.05669 .3375 10,249.6. -.1o15 .593

32IXl 1700.15 2.06201 .3381 10,279.3 -.0922 .595

3250 1717.07 2.06726 .3388 10,309.2 -.0829 .597

3300 1734.03 2.07244 .3394 1o,339.1 -.0738 .599

3350 1751.02 2.07755 .3400 10,369.1 -.0648 .601

3400 1768.04 2.08259 .3406 10,399.2 -.0558 .602

3450 1785.09 2.08756 .3412 10,429.4 -.0470 .604

3500 1802.16 2.09248 .3417 10,459.6 -.0383 .605

3550 1819.26 2.09733 .3422 10,489.9 -.0297 .607

3600 1836.38 2.1o21.2 .3428 10,520.3 -.0212 .608

3650 1853.54 2.10685 .3433 10,550.8 -.03.28 .609

3700 1870.72 2.11153 .3437 10,581.3 -.0045 .610

3750 1887.91 2.11614 .3442 10,611.9- .0036 .612

3800 1905.14 2.~20n .3447 10,642.5 .0117. .613

3850 1922.39 2.12522 .3451 10,673.2 .0197 .614

3900 1939.66 2.12967 .3455 1o,704.o .0277 .615

3950 1956.94 2.13408 .3460 10,734.8 .0355 .616

4000 1974.25 2.13843 .3464 10,765.6

4500 2148.40
.0433 ‘ .616

2.17945 .3499 11,075.5 .1163 .622

5000 2324.12 2.ZL648 .3527 11,387.1 .1819 .623

5500 2501.09 2.25021 .3550 11,698.8 .2413 .622

6000 2679.08 2.28118 .3568 12,009.7 .2954 .620

.
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- lx.-Conomu. ~C lMTAFCElmoICIummmIc Ca.mmm Cm PBoImmm EmmKfm
‘~ ‘10%3C2H5

[.0 diBmi.9tion .mmd; m~ v@&, 30.756; ti~ fuel-afr ratio, 0.~6-9J

?sa

450

m

6U0

700

E

9W
9W

lZ?JJ
1S4XI
1301.7
lwl.7
lW
14m
14=

mlo
16s)
1600
1B50
1700

1760

:%
1900
1950

mm

21ca
‘usO

2E#o
2ss0

:%
271M

33W

3100
Slw

32s0
3300

34W
3499

3Em

3600
SESO
3702

37W

36s0
3900
S9S’J3

4om
4Wo

Eqmlpy,

B&b

454.22
466.43
478.79

491.31
503.98
518.60
529.n
542.60

556.17
562.s2
S4W.16
596.90
610.75

624.74

ER
667.56
662.11

696.79
711.66
712.19
73-5.97
750.75
766.49
762.s9

798.29
814.25
8W.29
646.4s
862.57

87.2.79
895.09
911.41
227.81
944.2S

960.75
977.32
99s.9s
1010.59
lm7.31

1044.09
102JJ.92
1077.79
1094.71
1111.69

ms. n
1162.67
1162.66
1160.03
1197.21

1214.45
1231.72
1249.02
1266.37
1263.7s

13%3.71
1406.m
1423.9s
1441.59
1459.27

X76.97
1494.70
lS12.45
1530.2s
1546.02

1565.64
1583.66
lml.55
1619.4S
1637.33

14Ss.25
1635.41

(b) Condoned boran @& B2~.

ccil8tant-
pramura
eypy,

Btu/(~b)(%)

1.32505
1.35776
1.33698

1.41W
1.4s746
1.45979
1.46057
1.XKK17

1.5M40
1.s3573
1.65219
1.56786
1.SE!224

1.602s3
1.61098
1.62426
1.63706
1.64947

1.eS147
1.67310
1.67543
1.691U
1.7017s
1.n434
1.72+347

1.73626
1.74673
1.75691
1.76663
1.77648

1.72572
1.79E07
1.60402
1.81276
1.62H0

1.6Z966
1.63764
1.64W4
1.6s369
1.136N7

1.86491
1.e7631
1.66s57
1.89069
1.8976S

1.20497
1.91ea
1.91796
1.92451
1.93093

1.93726
1.9434a
1.94961
1.9sS63
1.96156

1.96743
1.97320
1.97668
1.96449
1.99cm

1.99546
2.0CKM34
2.00614
2.01137
2.01653

2.02162
2.CG?66S
2.03162
2.03E52
2.CM1S7

2.04615
2.05067
2.C8355
2.06016
2.@3472

2.06923
2.11.166

Sw-oiric
heat,
Cp,

BW(lb)(~)

0.2426
.2457
.2487

.’2518

.2549

.25.79

.2610

.2641

.2670

.2690

.2727

.2766

.2763

.2811

.2639

.=67

.2895

.2924

.2951

.2960

.2981

.3129

.3144

.31s6

.3173

.S186

.3199

.3212

.3224

.3236

.324a

.S26JJ

.3271

.3263

.3294

.3s-06

.3317

.3328

.5339

.3349

.3s59

.3370

.Zz@o

.33=39

.3399

.340a

.3426

.Ma

.3434

.s442

.34S0

.?457

.346s

.3472

.3479

.3486

.3422

.3.422

.3505

.3511

.3517

.3622

.?327

.3s33

.3s36

.S4s

.3s4a

:=
.!xsl

.S366

.3s70

.3574

.S578

.-

.359s

.S618

t(h)

S626.9
3631.0
3656.9

%%::
S664.8
3677.5
-2.0

s7a9.s
3725.7
3744.4
376s.0
S786.O

3M7.9

R%:
S979.6
3X5.1

3931.4
3959.5
S960.S
4264.9
4321.6
4359.s
432s.1

4435.9
4473.5
4511.o
4546.8
4S36.0

4623.1
4660.4
4697.3
4734.3
4771.2

46c@.1
464s.0
4662.0
4918.9
49s!S.9

4993.1
5030.s
S067.6
5104.9
S142.4

5179.9
S2.E5.l
5255.1
529s.1
6331.1

6369.0
6407.2
3445.3
5463.6
5s21.9

SSSO.4
5S26.8
5637.4
5676.o
5n4.7

5763.5
5792-3
m31.1
3870.0
5209.0

5946.0
5987.0
6W6.1
6JJ65.2
6104.4

614S.S
6162.7
62%?.0
6261.2
m.s

6339.8
87S3.2

t(v)

-2.4062
-2.3936
-2.3789

-2.36s4
-2.3457
-2.S265
-2.=9
-2.2241

-2.2621
-2.2397
-2.2un
-2.1937
-2.1709

-2.0773
-2.1260
-2A352
-2.0617
-2.0601

-2.0364
-2.0166
-2.0166
-1.7672
-1.7323
-1.nls
-1.6647

-1.6590
-1.6344
-1.6106
-1.5877
-1.56s4

-1.6462
-1.5232
-1.mw
-1.4a33
-1.4641

-1.4454
-1.4272
-1.4024
-1.s9m
-1.5749

-1.3592
-1.M19
-1.32759
-1.3102
-1.2949

-1.2765
-1.2501
-1.2501
-1.2355
-1.2214

-1.m74
-1.1937
-1.16@
-1.1669
-1.1636

-1.140-6
-1.U21
-1.11S6
-1.1032
-1.0910 ‘

-1.0790
-1.0672
-1.(655
-1.0440
-1.0326

-1.0214
-1.0103
-.9964
-.9886
-.9n9

-.9674
-.9s70
-.9467
-.9.5-56
-.9266

-.9167
-.6241

*(UP)

.s35

.360

.345

.409

.426

.447

.466

:$%
.518

:Z
.s5s
.7s9
.7!X+
.7s7
.756

.753

.751

.74a

.745

.743

.741

.739

.7s9

.73a

.7M

.na

.736

.739

.740

.741

.743

.744

.746

.748

.749

.751

.755

.750

.757

.759

.761

.762

.764

.766

.767

.769

.770

.771

.773

.774

.775

.776

.7n

.778

.779

.760

.781

.781

.762

.763

.7.s5

.7a7

-—.——_. ...— .—+. —
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TABLE X. - THERMODYNAMICDATA FOR STOICHIOMETRIC COMBUSTION PRODUCTS OF
.

CONSTITUENTS OF AIR OTHER THAN OXYGEN

[No dissociation assumed.]

=1==
’750 =1.95

W4.37
@so ?m3.e2

322.28
95J 341.s2

lW 354.43
1050

x:%
E 322.60

4CS.49

1250 41e.4s
431.45

lSSJ 444.56
457.75

H% 4n. ol

m 484.36
497.n
S1l.27

H% 524.86
170J 538.49

17s0
le.cu %%
12SJ 679.86
19w 593.78
MJ54) 607.76

m EL21.ao
J31S.91

21m 6.S3.08
&34.27

22m 678.54

‘225a 692.87
707.24

2354 7a.65
24m 7s8.11
24W 7%.41

m 7s5.17
779.76
794.32

:%% mz.mi
27@J 223.7s

2750 m.9.49
853.27

%% a8a.07

.%%2sS0

m 912.49
227.61

31m 242.56
957.65

?x?fm 972.s6

S25Q 987.69
l&tz.E5

S3m 1017.7s
1032..M

m50 1047.97

- M163.11
lo78.aI

S&m 1093.47
11o2.62

37m 1123.91

S75J U39.15
119.41

395-0 1169.70
39m llffi.cm
32s-9 lxx3.n

m H3R
m 1s2s.06

1621S4
W 1234.42

calstant-
presmre
=f=mz,

Bla+f”b)(%)

1.SM37
1.64914
1.57.%3

1.W401
1.62749
1.64.994
1.66870
1.68703

1.7041.9
1.7zum
1.735W
1.74952
1.722!-c@

1.77.s02
1.713B32

%%%
1.EZ55

1.8sS13
1.245m
1.E=35m
1.e-s279
1.e7m9

1.2m14
l.eflsw
1.89251
1.90620
1.91m4

::=
1.23fuo
1.945-5=2
1.9*

1.9E-o19
1.9B716
1.6%598
1.9s067
1.98723

1.99s$6
1.9999s
2.@321e
2.01227
2.ol&?5

2.CZ?413
2.=91
2.03552
2.04L18
2.0466a

2.c&C9
2.C67U
2.oezm5
2.W781
2.0729J

2.07780
2.ce2a4
2.wr170
2.0%E4J
2.CW-23

2.1OM9
2.1M42
2.111o2

;:%%

2.12&

::EE
2.ls7a2
2.14116

2.1452E
2.149=

::E
2.16114“

2.16EJXJ
2.2o130
2.sS402
2.26321
2.29115

Speuiflo
heat,

%
Bt#(lb)(c51

0.2452
.24Ss
.24S3

.24m

.24s4

.2467

.2470

.247S

.2478

.2486

.2424

.29X?

.2514

.2527

.ZS39

.2552

.2s87

.2562

.2s97

.2B13

.2622

.2644

.s

.2675

.2691

.2706

.2721

.-

:%
.2776
.2789
.2%02

.2814

.2a25

.2a37

.2s43

.2am

.2a2a

.2378

.2’s2s

.2a96

.29M

.ZW3

.2%2

.2929

.=37

.2944

.Zm

.2257

.Zfw

.29n

.2976

.2982

.29s8

.2993

.2999

.3034

.3m9

.3X3

.s-918

.3023

.3U27

.3031

.s0sS

.3039

.5Q43

.W47

.3051

:%%

:=

.s467

.-

.-6

.s134

.3M2

.

.

.,
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TABLE XI. - VliPORPRESSUliEOF SATURATED BORON OXIDE B~03

Temperature, VaFor pressure, Temp&ture, Vapor pressure,
% %1203, pI1203,

atm atm

1800 o.4384ao-10 3000 36.52x10-5
1850 1.318 3050 53.38
1900 3.730 3100 77.00
1950 9.959 3150 109.8

3200 154.7
2000 25.25
2050 61.31 3250 215.7
2100 142.2 3300 297.3
2150 315.9 3350 406.3
2200 676.6 3400 54.79X10-4

3450 73.45
2250 1399
2300 2797 3500 97.41
2350 5423 3550 128.1
2400 .1021X1O-5 3600 167.3
2450 .1875 3650 216.6

3700 278.7
2500 .3350
2550 .5845 3750 355.4
2600 .9963 . 3800 450.6

2650 1.662 3850 567.5
2700 2.725 3900 710.4

3950 883.3
2750 4.379
2800 6.912 4000 1092
2850 10 ● 70 4500 6900
2900 16.37
2950 24.63

—. .-. —————-— —— -— ——



Tmperatme, T, %.... ‘WY) 8, hf(lb)(OR)
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Tmpamtura, T, ?s

CO-8 baok CJY.L.L .3

~, S, Bh/(lb) (%)

Prmmre, P, atm

(a) ~py, O to 14Cn3 Btu per pcmd.

Flglm 1. - TbOmcdywdc data for air, iml.ding effects aI d.isscdd.ion, Campoaition, pmaent W VOludm: titmgm,

79. omj Oxy@lj 20. s53,

I
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1
m.gum 1. -

nitrogen,

00ncluded. ~~c
79.C60) Men, 20.9M.
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